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Optical and acoustic biosensors have been successfully applied in the study of 
biomolecular interactions for several years. In our study, surface plasmon resonance 
(SPR) spectroscopy, colorimetric assays and quartz crystal microbalance with 
dissipation monitoring (QCM-D) were employed to characterize the DNA G-
quadruplex structure folding as well as the thrombin-aptamer interaction, in 
combination with different binding schemes (i.e. one step binding, competition and 
displacement binding, sandwich binding plus a signaling step). All findings in this 
work would be invaluable in the study of DNA secondary structure and also the 
aptamer-protein interactions on surface, which in consequence will be useful in the 
development of DNA aptamer-based thrombin biosensors.  
In chapter 1 and 2, the general introduction of biosensor, thrombin, aptamer, G-
qudrupelx as well as the underlying theories of SPR and QCM-D techniques are given. 
In chapter 3, SPR spectroscopy was applied to study the interfacial binding 
characteristics of thrombin to its DNA aptamers on surface. Using a 15-mer aptamer 
that binds thrombin primarily at the fibrinogen-recognition exosite as a model, 
respective effects of a DNA spacer, salt concentration, and aptamer surface density on 
thrombin binding capacity and stability were evaluated. Immobilized 29-mer aptamer 
(specific to thrombin’s heparin-binding exosite) shows a lower affinity to thrombin 
than 15-mer aptamer, although it is known to have a higher affinity in solution phase. 
Using a sandwiched assay scheme with the signaling step, we have observed the 
simultaneous binding of the 15-mer and 29-mer aptamers to thrombin at different 
exosites and found that one aptamer depletes thrombin’s affinity to the other when 
they bind together.  
 v
In chapter 4, colorimetric assays based on 96-well microplate were developed to 
study the formation of aptamer-thrombin-aptamer sandwich complexes on solid 
substrates. A primary aptamer was first immobilized on streptavidin-modified 
microplate. Thrombin was then applied to bind to the primary aptamer, followed by 
the addition of a secondary aptamer. With the colorimetric assays, we have 
investigated: 1) the efficiency of sandwich complexes formed with different aptamers 
as primary aptamers, 2) the effects of DNA spacer in aptamers on sandwich complex 
formation and on detection sensitivity, and 3) the possibility of forming sandwich 
complex with two aptamers of the same sequence. With an optimal sandwich design, 
thrombin quantification at nanomolar level was achieved.  
In chapter 5, QCM-D was used to study the G-quadruplex DNA folding and 
thrombin-aptamer interactions, aiming to further understand the folding behavior on 
surface and the different binding kinetics detected by different instruments. By 
comparing the different ΔD/Δf ratios and responses to salt concentration of DNA 
sequences with or without the ability to form G-quadruplex, we demonstrated the 
folding behavior on surface in situ. By modeling the SPR and QCM data, the 
parameters of aptamer film and thrombin-aptamer complex film were obtained. In 
addition, the kinetics of thrombin binding to aptamer immobilized on QCM chip and 
the formation of aptamer-thrombin-aptamer sandwich complex were studied and 
compared with the SPR results. It shows that different sensing modes will give 
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A biosensor refers to a self-contained integrated device consisting of a biological 
recognition element (cell, enzyme, antibody, nucleic acid and etc.) directly interfaced 
to a signal transducer, which converts the biological recognition event into a output 
signal (optical, piezoelectric, electrochemical and etc.) measured by a detector [1,2].  
The biological recognition element of biosensors is able to recognize a particular 
analyte with excellent specificity and sensitivity. An important step in constructing 
biosensors is the immobilization of the biological element at the transducer surface, 
which will strongly affect the application and performance of the biosensors. In order 
to choose the proper immobilization method, one should consider the properties of the 
biological component, the transducer and the analyte. Extensively used methods 
include: physical or chemical adsorption, molecules cross-linking, covalent binding, 
membrane/matrix/sol-gel entrapment, bulk modification, electropolymerization and 
etc [3]. Based on the biological recognition element, biosensors can be classified as 
cell, immunochemical, enzymatic, non-enzymatic receptor and DNA biosensors [1]. 
The transducer of biosensors is employed to convert the biological recognition 
event into a detectable signal that can be coupled to a detector for further control. 
According to the transducer type, biosensors can be divided into four main categories: 
electrochemical [4], optical [5], piezoelectric [6] and thermal [7]. 
Electrochemical biosensors are categorized according to the measurement mode (i.e. 
potentiometric, amperometric, conductometric/impedimetric, ion charge or field effect) 
[4,8]. Commonly used techniques include cyclic voltammetry (CV), differential pulse 
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voltammetry (DPV), electrochemical impedance spectroscopy (EIS) and etc. Various 
materials can be used as transducers of electrochemical biosensors, such as gold, 
boron doped diamond, carbon nanotube and etc. Research in this field is mainly 
focusing on the development of novel sensing strategies and the improvement of 
specificity, sensitivity, and response time. 
Optical methods which have been widely used in biosensors include spectroscopy 
(absorption and reflectance, luminescence, phosphorescence, fluorescence, Raman), 
interferometry, ellipsometry, surface plasmon resonance (SPR) and etc [5]. Among 
these methods, SPR spectroscopy has been receiving continuously growing attention 
and shows a great potential for label free real-time analysis. SPR was firstly 
demonstrated as a suitable biosensor by Liedberg [9], since then the applications of 
SPR biosensors have been developed very fast for the investigation of specific 
biomolecular interactions including protein-antibody interaction, protein-DNA 
interaction, protein-cell interaction, DNA-DNA interaction and etc [10,11]. In the past 
two decades, the SPR technology has been successfully commercialized by several 
companies (BIACO, AUTOLAB and etc.) and has become a leading technology in 
the field of direct real-time analysis of the biomoleculars interactions. 
    There are two general types of piezoelectric sensors: BAW (bulk acoustic wave) 
and SAW (surface acoustic wave). Although BAW devices are considerably less 
sensitive than SAW sensors, they are more appropriate to be used in biological 
sensing systems because of their robust nature, while the surface acoustic waves of 
SAW sensors is likely to be severely attenuated by solutions [6,12]. The technique 
employed in our study, QCM (quartz crystal microbalance), belongs to the category of 
BAW device. The working principle is: an alternating potential produces a standing 
shear wave in the crystal at a characteristic vibration frequency, which highly relies 
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on the phase contacted with the crystal surface. Any interaction between a target 
analyte and the receptor coated at the crystal surface will lead to a corresponding 
change in the acoustic parameters. Piezoelectric biosensors have been applied in the 
label-free detection of a broad range of analytes: from lipid membranes and whole 
cells to DNA and small molecules [13]. They provide a unique method to determine 
the mass, viscoelasticity, density and water content of biomoleculars, which are useful 
information for the kinetics study of biological systems [12,14].  
Thermal biosensors are relatively less popular in the four categories. The working 
rule is to measure the heat absorbed or evolved during biological reactions, which can 
be reflected as a temperature change in the reaction medium. In the past two decades, 
several kinds of thermometric instruments have been developed by combining the 
principles of calorimetry, enzyme catalysis, matrices immobilization and flow 
injection analysis [7]. 
The advantages of the biosensors over other kinds of sensors are their excellent 
specificity and sensitivity, simple operation, fast response, in situ monitoring, 
miniature-size instrument, ease of interface, and integrating with signal devices. 
These properties make biosensors eligible for various applications in environmental 
monitoring, clinical analysis, food processing, pharmaceutical industries and etc. 
Although there are still some problems in large scale commercialization and 
application, it is believed that, with appropriate development, biosensors will play a 
more and more significant role in reducing costs and increasing efficiency in all 
applications [1-3]. 
 
1.2 Thrombin and thrombin binding aptamers 
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    Thrombin is a serine protease, which can recognize multiple substrates and play an 
important role in both thrombosis and hemostasis by regulating the procoagulant, 
anticoagulant, and fibrinolytic pathways (Figure 1-1) [15]. It is a major target for 
anticoagulation and cardiovascular disease therapy [16]. X-ray crystallography 
structure characterizaions and computational calculations have revealed that human α-
thrombin has several functional regions. Besides the active-site and apolar binding 
site, there are two important electropositive exosites: the fibrinogen-recognition 
exosite (FRE) and the heparin-binding exosite [17,18]. An interplay between these 
sites governs the binding events of thrombin. Various target molecules (cofactors and 




Figure 1-1 The ribbon diagram of human thrombin (shown in purple) in complex 
with a DNA aptamer (shown in turquoise). Reprinted from [18], Copyright (1997), 
with the permission of Elsevier. 
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    Aptamers are single-stranded nucleic acids that bind with high affinity and 
selectivity to their respective targets, including small organics, drugs, peptides, and 
proteins [19,20]. These artificial receptors, selected from libraries of random DNA (or 
RNA) sequences by SELEX (Systematic Evolution of Ligands by Exponential 
Enrichment), are considered as nucleic acid version of antibodies. They have many 
advantages, such as increased thermal stability, tolerance to wide ranges of pH and 
salt concentration when bind to targets, and ease of synthesis. The nucleic acid nature 
also renders the immobilization and regeneration easier [21,22]. These properties are 
particularly important for aptamers to compete with antibodies in their applications in 
affinity probe capillary electrophoresis [23], affinity capillary chromatography [24,25],  
enzyme-linked immunosorbent assay (ELISA) [26,27], biosensors [28-35] and sensor 
array [21,36,37], in which receptors (i.e. aptamers) are immobilized on solid 
substrates of various types (beads, silica particles, glass, gold etc) for capturing target 
molecules.   
A few thrombin-binding DNA aptamers have been discovered over the past decade. 
The most extensively studied prototype thrombin aptamer is a 15-mer single-stranded 
DNA (5’-GGTTGGTGTGGTTGG-3’) [38], which forms a intramolecular quadruplex 
structure [39] and binds to thrombin at the FRE [40]. Another 29-mer single-stranded 
DNA sequence, 5’-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3’, has been 
reported to bind to thrombin at the heparin-binding exosite with a higher affinity [18]. 
Thrombin binding aptamers, particularly the 15-mer sequence, has been used in a 
number of solid-liquid phase based analytical applications. It has been immobilized 
on fused-silica capillaries for affinity capillary chromatography analysis of human α-
thrombin [25] and on gold electrodes for electrochemical [28-31,33,35] and QCM 
[33,34] determination of thrombin concentration and binding affinity. It has also been 
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immobilized on glass [32,41], in microplate [26,27], and on carbon nanotubes [42] for 
affinity mass spectroscopy and optical detection of thrombin protein. All these studies 
aim to achieve selective and sensitive detection of thrombin through the thrombin-
aptamer binding.  
In addition to the one-step thrombin-aptamer binding based analytical applications, 
the capability of thrombin to bind two aptamer sequences at two different exosites has 
enabled the development of sandwich binding based analytical applications 
[30,31,35,43,44]. Typically a primary aptamer is first immobilized on a solid substrate 
(gold electrode, magnetic beads etc). After thrombin binding to the immobilized 
aptamer, a secondary aptamer is added to bind to the bound thrombin at a different 
exosite. The secondary aptamer usually carries a label (biotin, nanoparticles or 
enzyme etc.) that either directly reports the binding events through a proper signaling 
reaction [30,31,35,43] or mediates the binding of a reporter residue [44].                    
Depending on the sensor platform and assay schemes used and the extent of   
optimization on aptamer immobilization and thrombin binding conditions, a wide 




    Single-stranded nucleic acids with guanine rich sequences are able to fold into 
four-stranded structures via hydrogen-bonding interactions, which are known as G-
quadruplexes [45,46]. This structure consists of stacked tetrads, with each of them 
arising from the planar association of four guanines in a cyclic arrangement (Figure 1-
2). Selected cations have been shown to stabilize the G-quadruplex structure, 









































Figure 1-2 Schematic diagram of the G-quartet. The metal ion in the center stabilizes 
the structure. 
 
Based on different chain numbers and orientations, oligonucleotide G-quadruplex 
can be classified as tetramolecular parallel quadruplex, bimolecular quadruplexes and 












Figure 1-3 Different DNA G-quadruplex structures. a) a unimolecular quadruplex; b) 
a bimolecular quadruplex with “edgewise” loops; c) a bimolecular quadruplex with 
“diagonal” loops; and d) a tetramolecular parallel quadruplex [47]. 
 
    The most prominent roles of the G-quadruplexes are found in the biological and 
medicinal fields, especially those related to telomere structures and functions [49]. G-
quadruplexes have been proposed to be potential targets for drug design [50]. There 
are also many non-medicinal applications of G-quadruplex discovered in 
supramolecular chemistry and nanotechnology. It can be employed in developing self-
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assembled ionophores, synthetic channels, dynamic liquid crystals, noncovalent 
polymers, nanomachines, molecular electronic devices and etc [47]. 
    A number of biologically active RNA and DNA aptamers, such as anti-HIV and 
anti-thrombin aptamers, consist of G-quadruplex structures [39,51]. These aptamers 
are potential therapeutic target for cancer and other diseases [52]. The ability of 
aptamers to fold into unimolecular G-quadruplex structures is essential for target 
capture. Various techniques, e.g. NMR [39], crystallography [53], circular dichroism 
[54], gel electrophoresis [55] and UV-spectroscopy [56] etc, have been used to study 
anti-thrombin aptamers’ secondary structure, as well as the affinity to thrombin. Most 
of these techniques, however, provide ‘in solution’ characteristics. The folding 
behavior of anti-thrombin aptamers on substrate surface is still not clear. However, 
this is a very important characteristic that determines aptamer performance in 
heterogeneous analytical applications, including biosensors, chromatography, and 
enzyme linked aptamer assay (ELAA).  
 
1.4 Scope of this study 
 
In this study, surface plasmon resonance (SPR) spectroscopy, colorimetric assays 
and quartz crystal microbalance with dissipation monitoring (QCM-D) were 
employed to investigate the DNA G-quadruplex folding as well as the thrombin-
aptamer interaction, in combination with different binding schemes (one step binding, 
competition/displacement binding, sandwich binding plus a signaling step). The 
underlying theory of SPR and QCM-D will be discussed in chapter 2. Detailed 
introduction, experimental setup and results of different subjects will be given in 
chapter 3, chapter 4 and chapter 5, respectively.  
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All findings in this work would be invaluable in the study of DNA secondary 
structure and also the DNA-protein interaction on surface, which in consequence will 
be useful in the development of DNA aptamer-based thrombin biosensors and also 
























Chapter 2 Theory 
 
 
2.1 Surface plasmon resonance  
 
    The phenomenon of surface plasmons has been known for a long time, the 
underlying principles are thoroughly understood and methods for the theoretical 
treatment of the system response have been well established [57-59]. In general, 
surface plasmons (SPs) are bound nonradiative electromagnetic waves propagating 
along the interface between an absorbing and a non-absorbing dielectric, with the 
amplitudes decaying exponentially perpendicular to the interface (Figure 2-1). The 
resonant excitation of SPs strongly depends on the refractive indices of the chemical 
environment at the interface; therefore the measurable response allows the sensitive 

















Figure 2-1 Schematic diagram of surface plasmon at the interface between a metal 
and a dielectric [60]. 
 
2.1.1 Maxwell equation of plane waves at interface  
 
    The general description of electromagnetic waves propagating in an isotropic 
homogenous medium without external sources is given by Maxwell’s equations [61]: 
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                                   ( , )=- ( , )
t
E r t B r t∂∇× ∂       ( , ) 0D r t∇⋅ =  
                                          ( , )= ( , )
t
H r t D r t∂∇× ∂         ( , ) 0B r t∇⋅ =                     Equation 2-1 
 
where E is the electric field, H is the magnetic field, D is the electric flux density (or 
electric displacement), B is the magnetic flux density (or magnetic induction), r is the 
spatial vector and t is the time.  
    The relations between D and E, B and H are given by:     
                                   0( , ) ( , )D r t E r tεε=  
                                         0( , ) ( , )B r t H r tμμ=                                                            Equation 2-2      
 
where ε and ε0 are the dielectric constant (without dimension) and the dielectric 
constant in vacuum, respectively. μ and μ0 are the magnetic permeability (without 
dimension) and the magnetic permeability in vacuum, respectively. 
    The solution of Maxwell equations as a function of time t at a point r in an isotropic 
homogenous medium is a planar wave, which is given by: 
                                          0( , ) exp[ ( )]E r t E i k r tω= ⋅ ⋅ −                                          Equation 2-3 
                     
where E0 is the electric field amplitude perpendicular to the wave vector k that points 
into the direction of propagation, ω is the angular frequency. 
    The magnetic field H also can be used to describe the planar wave: 
                                          0( , ) exp[ ( )]H r t H i k r tω= ⋅ ⋅ −                                        Equation 2-4        
 
    Both representations are equivalent and can be transformed to each other by using: 
                                   
0
1( , ) ( , )E r t k H r tεε ω= ×  
                                          
0
1( , ) ( , )H r t k E r tμμ ω= ×                                                 Equation 2-5 
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    The dispersion relation for electromagnetic waves passing through a certain 
dielectric with a given ω is: 







μμ εε= =k                                                           Equation 2-6 
 
where c is the speed of light in vacuum, n is the refractive index of a material, k is the 
wave vector here to describe the planar waves in the three directions of space. 
    By assuming μ=1 (nonmagnetic material), the dispersion equation can be simplified 
to give: 
                                           0 0 0 0k k nω εε μ ε= ⋅ = ⋅ = ⋅k                                   Equation 2-7  
 
k0 is the wave vector of light in vacuum at the corresponding frequency. 
    When the light beam is passing through medium 1 with a refractive index n1 to 
medium 2 with a refractive index n2 (n2 < n1), depending on the angle of incidence, 
the light is partially transmitted and partially reflected at the interface of the two 
media. Gradually changing the incidence angle (θ1) causes an increase of the 
transmission angle (θ2) until the maximum value of 90° is reached. Simultaneously, 
the intensity of reflected light increases to the maximum, while the intensity of 
transmitted light is decreased until it vanishes at 90°. This particular angle of 
incidence is so-called critical angle θc. Any further increase of θ1 beyond θc has no 
influence on the reflectivity, indicating the total internal reflection (TIR). The TIR 
regime is characterized by the existence of a planar wave propagating along the 
interface and decaying exponentially in z-direction. This propagating electromagnetic 
wave is termed as an evanescent wave. The penetration depth, l, of this evanescent 
wave in the range of the wavelength λ is given by:  
                                           
2
,
2 ( sin ) 1
cl
n
λ θ θπ θ= >⋅ −                                         Equation 2-8 
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2.1.2 Surface plasmons at a metal/dielectric interface 
 
    In order to solve Maxwell’s equations for surface plasmons, an interface between 
two media is used here, the dielectric constants of two adjacent media are in the 
complex form: 










= +                                                                       Equation 2-9 
 
    The relation between the complex dielectric constant ε and the complex refractive 
index (n + iκ) is given by: 
                                           
' "





ε ε ε κ
ε κ ε κ
= + = +
= − =                                                    Equation 2-10 
 
where n is the refractive index of the material. κ is the absorption coefficient, which 
describes the damping of electromagnetic waves due to interaction with the material. 
   Surface polaritons can only be excited at such an interface when the dielectric 
displacement D of the electromagnetic mode has a component normal to the surface, 
which induces a surface charge density σ: 
                                           2 1( ) 4D D z πσ− ⋅ =                                                         Equation 2-11 
 
Therefore, s-polarized surface oscillations, whose electric field is parallel to the 
interface, do not exist; only p-polarized light could have an electric field component 
normal to the surface, Ez, by which a dielectric displacement in z-direction can be 
achieved. Thus the corresponding electric and magnetic fields will have the following 
forms: 
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= ⋅ + −                          Equation 2-12     
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A stands for E and H, respectively. kx1 and kx2 are the wave vectors pointing into x-
direction, kz1 and kz2 are the wave vectors along z-axis. The numbers 1 and 2 refer to 
the two media involved for z>0 and z<0, respectively.  
    Considering the continuity relations of the in-plane components: Ex1=Ex2 and 
Hy1=Hy2, Equation 2-12 accounts for: 
                
                                           1 2x x xk k k= =                                                                     Equation 2-13 
 
    Inserting Equation 2-12 into Equation 2-1 gives that:  
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                                                        Equation 2-14       
    Together with the continuity relations, it leads to the only nontrivial solution if: 
  







ε= −                                                                         Equation 2-15                       
 
    It indicates that surface electromagnetic mode can only be excited at interfaces 
between two media with dielectric constants of opposite signs. The collective plasma 
oscillation of the nearly free electron gas in a metal to an electromagnetic field is an 
important type of excitation coupling to the surface electromagnetic waves, named 
surface plasmons (SPs) or plasmon surface polaritons (PSP).  
    Solving Maxwell’s equations at the metal/dielectric interface under the appropriate 
boundary conditions yields the surface plasmon dispersion relation: 
                                           ' ",
d m





ε ε= + = +                                     Equation 2-16 
    
where εd and εm are dielectric constants of the dielectric and the metal respectively, 
and c is the light speed in vacuum. Since εm is a complex, the x-component of the 
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wave vector, ksp,x, is also a complex, with "xk  representing the decaying part of the 
surface plasmons. 
    For the z-component of the wave vector, it holds: 
                                           2 2( )zd d xk kc
ωε= −  
                                          2 2( )zm m xk kc
ωε= −                                                         Equation 2-17 
 
    The amplitude of the electrical field decays exponentially into both media in z 
direction as well as into the propagation direction. The penetration depth of the 
evanescent filed wave is usually defined as the distance over which the wave decays 
to 1/e of its maximum. The propagation length can be calculated by lx =1/2 "xk .  
 
2.1.3 Excitation of surface plasmons 
 
    In the frequency range of interest it holds: 
 
                                          d m d
d m
ε ε εε ε ≥+                                                               Equation 2-18   
                 
As a result, the momentum of a free photon, kph, 
                                      ph dk c
ω ε=                                                               Equation 2-19 
 
propagating in a dielectric medium (line A in Figure 2-2), is always smaller than the 
momentum of a surface plasmon mode, ksp,x (curve SP1 in Figure 2-2), propagating 
along the same interface between dielectric and metal. 
    In Figure 2-2, it can be observed that for very low energies, the SPs dispersion 
curve (SP1) asymptotically approaches the line A (the dispersion of photos in bulk), 
whereas for higher energies it approaches the maximum angular frequency ωmax, 
which is determined by the plasma frequency of the metal. Since there is no 
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intersection between SP1 and A, it is impossible to couple of the modes by just 
changing the incidence angle. Therefore, the momentum of the light must be 
increased by passing through a medium with higher refractive index than the 
dielectric, or coupling it to a rough surface [62]. Experimentally, it can be achieved by 
prism coupling or grating coupling [63,64].  
 










Figure 2-2 The dispersion relation of free photos in a dielectric (line A), and in a 
coupling prism (line B), compared to the dispersion relation for non-radiative surface 
plasmons at the metal/dielectric interface before (SP1) and after (SP2) the adsorption 
of an additional dielectric layer [60]. 
 
    Among the two methods, only the prism coupling will be used in our work and 
discussed below. Various shapes of prisms can be employed to excite SPs, such as 
triangular, half-cylindrical and hemisphere. Here we will use triangular prisms to 
demonstrate the principles.  
    Two prism coupling configurations are schematically shown in Figure 2-3. In the 
case of the Otto configuration (Figure 2-3A) [65], the metal surface is separated by an 













excited at the metal/dielectric interface where the evanescent fields from both sides of 
the gap overlap. Since this configuration is experimentally challenging, an alternative 
set-up, the Kretschmann configuration, is more widely used. In Kretschmann 
configuration (Figure 2-3B) [66], a metal layer is attached directly to the bottom of 
the prism. The thickness of the metal layer affects the coupling angle and the coupling 
efficiency, e.g. the minimum reflectivity. In this case, the photons are not coupled 
directly to the metal/dielectric interface, but via the evanescent tail of the light totally 
internally reflected at the bottom of a prism (εp>εd).  
 






Figure 2-3 Prism coupling geometries for Otto configuration (A) and Kretschmann 
configuration (B) [65,66]. Coupling is only possible when the refractive index of the 
prism is higher than that of the dielectric. 
   
2.1.4 SPR response to a thin film adsorption 
 
    Since the evanescent field of the surface plasmons decays exponentially into the 
dielectric medium, any change of the refractive indices of the adjacent dielectric will 
alter the excitation conditions for SPs. In this case, the deposition of an ultrathin and 
non-adsorbing layer (εf ≠ εd) from the solution to the metal layer will induce a change 
on the optical properties of the dielectric over the range of the evanescent field, hence 
result in a shift of the resonance minimum angle. As a consequence, ksp,x in the 










from curve SP1 to SP2 in Figure 2-2. The wavevector increment highly depends on 
the refractive index and the thickness of the adsorbed layer. At a certain frequency ωL, 
the incidence angle that determines the photon wavevector projection along the SPs 
propagation direction has to increase to meet the resonance criterion (Figure 2-2, from 
θi0 to θi1). Therefore experimentally a resonance minimum can be observed by 
plotting the reflected laser light intensity versus the applied incidence angle. A typical 
resonance curve of the prism/gold/ethanol system is given in Figure 2-4, where the 
angular scan curve shifts from the left (solid line) to the right (square) after the 
adsorption. In conclusion, for ultrathin and non-adsorbing layer adsorption, the 
measured resonance angle shift Δθ is proportional to the optical thickness d and the 
refractive index n of the layer: 
                                            n dθΔ ∝ ⋅                                                                         Equation 2-20 
                                   
    One of the parameters has to be known in order to calculate the other one. This 
characteristic resonance minimum shift is one of the most fundamental and significant 










Figure 2-4 Typical surface plasmon resonance curves of the prism/gold/ethanol 
system before (solid line) and after (square) the adsorption of an ultrathin and non-

























2.2 Quartz crystal microbalance with dissipation monitoring 
 
    The quartz crystal microbalance (QCM) is a simple, sensitive and inexpensive mass 
sensing technique [13]. The measuring principle is based on the change in the 
frequency of a quartz crystal excited to acoustic shear oscillations as a function of the 
mass loaded. QCM was first used in a sensing mode when Sauerbray reported a linear 
relationship between the frequency decrease of an oscillating quartz crystal and the 
mass of deposited metal [67]. Early chemical applications of QCM were limited to 
measure mass binding from gas-phase species to the quartz surface. In the last two 
decades, solution based QCM was developed to measure viscosity and density related 
frequency change in highly damping liquid environment [68]. Further improvements 
have been made to facilitate the investigation of biomoleculars related events recently 
[6,12], an important extension named QCM-D has been commercialized and will be 
used in our study [13]. Unlike the conventional QCM set-up, which only monitors the 
shift of the resonance frequency, QCM-D is able to measure the dissipation factor (D) 
and frequency (f) simultaneously at several harmonics with excellent time-resolution, 
which makes it able to analyze the data using a viscoelastic representation based on 
the Voigt model [69]. Combining with other techniques e.g. SPR, QCM-D has been 
successfully applied in several biological systems, such as lipid and protein adsorption 
[70], DNA hybridization [71] and cell adhesion [72,73]. 
 
2.2.1 Piezoelectric excited acoustic waves and Sauerbrey equation 
 
    QCM technique is based on the piezoelectric effect, which exists in crystals without 
a center of symmetry. With pressure applying, the crystal lattice is deformed in a 
manner that a dipole moment arises in the molecules of the crystal [74]. 
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Commercialized QCM sensor chip usually consists of a thin quartz wafer sandwiched 
between two gold electrodes which are prepared by thermal evaporation (Figure 2-5). 
 
Figure 2-5 Picture of a sensor crystal (front and back) [75]. Reprinted with the 
permission of Q-sense AB. 
 
    With an alternating electric field applied across the gold electrodes, the physical 
orientation of the crystal lattice is distorted to some extent, resulting in a mechanical 
oscillation of a standing acoustic shear wave across the bulk of the chip at a 
characteristic vibration frequency [76]. The most commonly used type of crystal is the 
so-called AT-cut crystal, which is cut at an angle θ=+35°15' from the z-axis. AT-cut 
crystal oscillates in a thickness-shear-mode (TSM). With a temperature coefficient of 
nearly zero, the resonant frequencies of AT-cut quartz are stable over a wide range of 
temperatures [74], which makes it favorable for practical application. The thickness of 
the quartz disk dq determines the fundamental frequency f0 of the shear motion by 
defining the wavelength of the fundamental oscillation. For the resonant frequency it 
holds: 




c cf n f f
dλ= ⋅ = =                                            Equation 2-21 
         
where ct is the transversal velocity of sound, λ is the wavelength and n is an odd 
integer (1, 3, 5, ...). Even overtones (harmonics) cannot be excited by using electrical 
methods because the integral polarization between the electrodes vanishes for 
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symmetric strain. When a rigid layer deposits to the crystal surface, the propagation of 
the bulk shear wave will be dampen in a fashion identical to quartz itself. A change in 
the mass of the crystal will result in a resonant frequency shift. In 1959 Sauerbrey 
developed an empirical equation to describe the frequency shift (Δf) caused by the 
deposition of  mass (Δms) on the quartz [67]:  
                                            
0 0
- - ,q q q qs
d f dC fm C
nf n f
ρ ρΔ ΔΔ = = =                         Equation 2-22 
     
where ρq is the density of the quartz and n is the overtone number. With ρq = 2.648 
g/cm3, f0 = 5 MHz and dq = 0.334 mm, we have C =17.7 ng/(cm2·Hz). To interpret 
data based on Sauerbrey’s assumption the mass should be uniformly loaded over the 
entire active area of the quartz surface, and should not exceed a limitation for mass 
loading.  
 
2.2.2 QCM liquid phase sensing 
 
    Sensing of biological events requires the QCM to be operated in liquid environment, 
where the viscoelasticity of an adsorbed film may change dramatically due to 
solvation and swelling effects. With the water trapped within and between 
biomoleculars to help them adopt the secondary structures, the film formed by 
biomoleculars could not be treated as rigid any more. As a result, Sauerbrey’s mass 
relation is not suitable to be used since it is only applicable to rigid layers deposited 
from gas phase. In order to define the parameters which govern the frequency change 
in liquid phase sensing systems, a number of pioneer studies have been conducted in 
the past thirty years. The first attempt to characterize solution phase piezoelectric 
sensing was made by Nomura and Okuhara [77]. They developed an empirical 
equation which related the frequency change to the square root of viscosity and 
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density of a solution. In 1985, Kanazawa and Gordon reported a theoretical model, 
which described the frequency response in solution by considering the coupling of 
quartz crystal shear wave to a dampen shear wave propagating into the liquid phase 
[78]. The decay length of the shear wave corresponded to the effective thickness of 
the liquid layer in motion with the quartz crystal. This liquid layer was treated as a 
sheet of mass attached to the quartz, which is a ideally continuous layer without slip 
boundary between the quartz surface and the liquid. For a 5 MHz quartz oscillating in 
water, the decay length calculates to 250 nm at 20°C. Not only the decay length of the 
shear wave but also its amplitude is influenced by the liquid environment. The 
amplitude is a function of the driving voltage applied and the quality factor Q of the 
system [79]: 
                                           av av dA C Q V= ⋅ ⋅                                                             Equation 2-23 
                     
Aav is the average amplitude of vibration (the average corresponds to the half 
maximum), Cav is an empirical constant, Vd is the drive amplitude.     
In biological systems, the water trapped in adsorbed biomoleculars complicates the 
QCM data analysis [70,71,80]. The mass of layer composed of biomoleculars and 
water could not be separated without applying other methods, which are only 
sensitive to the mass of the biomoleculars, e.g. SPR technique mentioned in chapter 
2.1. Since the total volume of the film is the sum of the volume occupied by the 
biomoleculars and water respectively, we have the following equation, with the 
volume being expressed as mass divided by density [71]: 
 





Δ Δ −ΔΔ= +                Equation 2-24 
 
where the ΔmQCM is the mass-uptake measured by QCM, and the ΔmSPR is the optical 
mass measured by SPR. ρwater and ρbiomolecular are the densities of water (~1 g/cm3) and 
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biomoleculars, being 1.1g/cm3 for lipids, 1.4 g/cm3 for proteins and 1.7 g/cm3 for 
DNA. 
    With the effective density, the effective thickness could be simply calculated by: 






Δ=                                                              Equation 2-25 
 
2.2.3 The dissipation factor 
    The dissipation is the sum of all energy losses in the system per oscillation cycle. It 
is defined as 1/Q, i.e. the energy dissipated per oscillation, divided by the total energy 
stored in system:                      








Q Eπ= =                                         Equation 2-26   
where Edissipated is the energy lost (dissipated) during oscillation and Estored is the total 
energy stored in the oscillator. The energy losses of the QCM setup itself can be 
attributed to the internal friction in quartz and losses due to crystal mounting. But 
with more significance in experiment is the energy dissipation caused by the 
adsorption of additional layer. For viscous films, the energy losses include the 
frictional energy dissipated between the adsorbed film and the quartz as well as the 
energy dissipated due to the oscillatory motion induced within the film. As a result, 
viscoelastic properties of the adsorbed film can be obtained by measuring the 
dissipation factor. Rodahl et al developed a approach to determine Dtotal [81], which is 
according to the decay method used by Spencer and Smith [82]. The principle is 
based on the fact that when the driving voltage to the oscillator is switched off at t = 0, 
the amplitude of oscillation, A, decays as an exponentially damped sinusoid: 
                                0( ) exp(- / ) sin( ) constant,  t 0A t A t tτ ω ϕ= ⋅ + + ≥            Equation 2-27 
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where t is the time, τ is the decay time, φ is the phase, and the constant is the dc offset. 
The dissipation factor Dtotal is inversely proportional to the decay time τ: 
                                          
2
totalD ωτ=                                                                      Equation 2-28 
 
    Therefore interrupting the driving electric field and measuring the decay time τ of 
the quartz crystal provides a method to determine the dissipation factor. In general, a 
soft film attached to the quartz crystal is likely to deform during the oscillation, which 
gives a high dissipation, while as a rigid layer usually gives a low dissipation. In 
chapter 2.2.4 a model will be introduced to calculate the frequency and dissipation 
shift observed upon adsorption to describe the viscoelastic properties of a film. 
 
2.2.4 Modeling of QCM-D data 
 
    In liquid sensing systems, the QCM-D response is significantly influenced by the 
viscoelasticity of the film adsorbed on the quartz crystal. A viscoelastic representation 
based on the Voigt model is used to simulate the QCM-D response in our study [69]. 
The adsorbed film is represented by a uniform thickness, hf, a density, ρf (hf • ρf 
equals the coupled mass ΔmQCM, Figure 2-6), and a complex shear modulus G 
according to: 
                              ' " 2 (1 2 )f f f fG G iG i f i fμ π η μ π τ= + = + = +                   Equation 2-29 
 
where μf is the elastic shear (storage) modulus and ηf is the shear viscosity (loss) 
modulus, f is the oscillation frequency, and τf is the characteristic relaxation time of 
the film. 
    For a single-layer model, the resonant frequency change Δf and the dissipation 
factor change ΔD are [71,83]: 








π ρΔ =                                                             Equation 2-30                      
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dq  and ρq are thickness and density of the viscoelastic film respectively, f =n·f0 with n 
(=1, 3, 5...) being the overtone number and f0 the fundamental resonance frequency.  
ρf and ρl are the density of the film and the bulk liquid, ηf and ηl are the viscosity of 
the film and the bulk liquid. Since VoigtnfΔ  and VoigtnDΔ contain the contribution from 
the bulk liquid, changes in f and D induced upon adsorption of a viscoelastic film are 
achieved by subtracting the contribution of the bulk liquid. Depending on different 
systems and film properties, either a single-layer or multi-layer model will be selected 













Figure 2-6 Schematic presentation of the model used to simulate a quartz crystal 
covered with a viscoelastic film and a bulk Newtonian liquid. hf is the thickness of the 
viscoelastic film, ρf and ρl are the density of the film and the bulk liquid, respectively, 
ηf and ηl are the viscosity of the film and the bulk liquid, respectively, and μf is the 
elastic modulus of the film [69].  
Quartz crystal (ρ0 , μ0)
Film (ρf , μf , ηf)







The Voigt-based viscoelastic model contains four unknown parameters (film 
thickness, density, shear viscosity and shear elastic modulus). While combining the 
frequency and energy dissipation monitoring based on experimental observation only 
provides two measurable parameters. Several approaches have been developed to 
interpret this non-unique system [84], the one chosen here is to switch very fast 
between different excitation frequencies during a measurement, which enables 
simultaneous data acquisition at higher harmonics (n=3, 5, 7…). Furthermore, since 
the mass uptake of the biomolecular films could be precisely estimated from SPR data 
and fixed during the fitting, the combination of responses from two harmonics of 
QCM-D is sufficient to create an overestimated system. Using this approach, the best 
fits between the Voigt-based model and the measured parameters (Δfn=α, ΔDn=α, 
Δfn=α±|2β| and ΔDn=α±|2β| where α=1, 3, 5... and β is a non-zero integer different from α) 
are done by using a simple curve-fitting algorithm that searches for the unknown 
model parameters (df, ηf, μf) by minimizing the chi square, χ2, given by: 
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Σ  is the sum over all harmonics measured; VoigtnfΔ  and VoigtnDΔ  are given by 
Equation 2-30 and Equation 2-31, respectively, measurednfΔ and measurednDΔ are the 
experimental data in f and D. fnσ  and Dnσ are the standard deviation for f and D at 
harmonic n.  
    In order to test the influence from the explicit frequency dependence of the 
viscoelastic components, modeling was carried out with two sets of harmonics, n=3/5 
and n=5/7 using identical start parameters. A linear frequency dependence with 
overtone number, n, was implemented in the model: 
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                       1( ) [1 ( 1) )nn n μμ μ ξ+= + −    and   n=1 ηη(n)=μ [1+(n+1)ξ ]           Equation 2-33 
 
 where ξ (typically –0.04<ξ<0.04) determines the slope of the curve. Since no 
additional unknown parameters are introduced in this way, an evaluation of the 




























Chapter 3 Surface plasmon resonance 
spectroscopy study of interfacial binding of thrombin 




    In this study, we have applied surface plasmon resonance (SPR) spectroscopy, in 
combination with one-step direct binding assay, competition assay, and sandwiched 
assay schemes, to elucidate the binding of human α-thrombin to both 15-mer as well 
as 29-mer aptamers immobilized on gold surface, in order to provide a more complete 
picture of the interfacial bindings. Factors that may affect the binding characteristics 
(aptamer surface coverage, DNA spacer and salt concentration in binding buffer) are 
investigated. The efficiency of immobilized 29-mer aptamer to capture thrombin is 
compared with the 15-mer aptamer. The simultaneous binding of the 15- and 29-mer 
aptamers and how one aptamer binding affects the other are quantified. These 
additional characteristics complement previous studies that reported the effects of 
critical parameters (incubation temperature, incubation time, buffer content, 
hydrocarbon/hexa(ethylene oxide) linkers, and coadsorbent) on the performance of 
aptamers measured by enzyme linked aptamer assays [26,27], SPR spectroscopy and 
ellipsometry [85].  
 
3.2 Experimental Section 
 
3.2.1 Materials 
Purified human α-thrombin was purchased from Haematologic Technologies Inc. 
(Vermont, USA) and stocked in water containing 50% glycerol (volume). Streptavidin 
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was purchased from Sigma. For long-term storage, the proteins were stored in aliquots 
of 10 μL at -20 ºC. Before use, they were thawed at room-temperature and returned to 
4 ºC to maintain the activity. DNA aptamers, hybridization sequence and control 
oligonucleotides were purchased from 1st BASE (Singapore). Sequences are listed in 
Table 3-1.  
 
 
Table 3-1 DNA sequences used in this study. 
 
TBA15-1 and TBA15-2 represent the 15-mer thrombin aptamer, carrying either no 
spacer or a 35 mer spacer at the 5’ end, respectively. The 29-mer aptamer is denoted 
as TBA29. CR-1 and CR-2 are control sequences corresponding to the TBA15-1 and 
TBA15-2, respectively, with the 15-mer thrombin binding sequence scrambled. The 
oligo DNA complementary to TBA15 (denoted as cTBA15) is used to hybridize with 
the aptamers. The immobilization sequences are all biotinylated at the 5’ end. 
Immobilization buffer, hybridization buffer and thrombin binding buffer were 20 mM 










c TBA15 5’- CCAACCACACCAACC -3’ 
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3.2.2 SPR measurement  
The SPR measurements were carried out using the AutoLab ESPR (Eco Chemie, 
The Netherlands). This instrument is based on the Kretschmann configuration 






Figure 3-1 Picture(A) and Schematic view (B) of  the double-channel AutoLab SPR 
instrument setup [86]. Reprinted with the permission of Eco Chemie BV. 
 
    In brief, p-polarized laser light is directed at the bottom side of the gold coating 
sensor disk via a half-cylindrical lens, with the reflected light detected by a 
photodiode. The angle of incidence is varied using a vibrating mirror which rotates 
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over an angle of 4° with a frequency of 44 Hz. In each cycle, SPR curves were 
scanned on the forward and backward movement of the mirror. At a certain incidence 
angle (resonance angle), the energy from the laser light is transferred to the surface 
plasmons, resulting in a dip in the intensity of the reflected light, as shown in the plot 
of intensity versus angle (Figure 3-1B). In an adjustable interval time, the minimums 
in reflectance are determined and averaged, then the binding curves are obtained by 
processing this minimum in reflectance in real time [86].   
    The SPR effect exists mainly in metals with free electron gas, including copper, 
silver, aluminum and gold. In most cases gold is used because it is able to give a SPR 
signal at convenient combinations of reflectance angle and wavelength. Moreover, 
gold is chemically inert in the aqueous environment of most biological applications. 
The thickness of the metal layer strongly depends on the optical constants of the bulk 
material as well as on the wavelength of the light. The Autolab SPR instrument uses 
670 nm as a wavelength, which results in an optimum thickness for the gold layer of 
about 50 nm. At the same time, the penetration depth of the evanescent wave of 300-
400 nm determines that macromolecules or particles larger than 400 nm cannot be 
measured [86]. 
The gold coated glass disk (diameter 17mm) mounted on a prism through a thin 
layer of index-matching oil forms the base of a double-channel cuvette. Different 
samples can be injected into the two independent channels simultaneously. The open 
configuration allows injection of the solution directly to the sensor surface 
automatically, semi-automatically or manually [87].  
In a kinetic measurement mode, molecular adsorption on gold-coated glass disks 
is followed by monitoring SPR angle shifts (Δθ) over time. There is a linear 
relationship between the amount of bound material and shift in SPR angle. The 
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measured Δθ values correspond to the amount of adsorbed material with a mass 
sensitivity factor of 120 mdeg per 100 ng/cm2. The measurements were conducted at 
room temperature, and the noise level in Δθ measurement was 1 millidegree [88].  
 
3.2.3 Sensor disk preparation  
Biotin-streptavidin (SA)-biotin bridge chemistry was used here for the assembly 
of the biotinylated thrombin aptamers. For this purpose, freshly cleaned SPR gold 
disks (by UV/ozone for 15 min) were immersed overnight in a binary biotin-
containing thiol mixture [88,89]. After rinsing with ethanol followed by a drying step 
using nitrogen, the disks were ready to use. Streptavidin immobilization was from a 
0.1 mg/mL solution in HEPES buffer. The successive aptamer assembly was from 
DNA solution of 50 nM to 1 μM, which results in diluted to saturated surface density.  
The routinely used binary thiol mixture consists of a long chain thiol with a biotin 
head group (11-mercapto-(8-biotinamido-4, 7, dioxaoctyl-)-undecanoylamide) and 1-
mercapto-undecanole at a ratio of 1 : 9 in ethanol, the chemical structures are shown 
in Figure 3-2 (A). The typical route of thiol chemiadsorption on gold is that the thiol 
loses its hydrogen atom and becomes a thiolate covalently bound to the gold surface, 
although the exact mechanism for Au-S bond formation is still not clear. The 
formation of a mixed thiol self-assembled monolayer (SAM) and its subsequent 
coverage with streptavidin molecules are shown in Figure 3-2 (B). The OH-
terminated long chain thiol optimizes the biotin-thiol binding as lateral spacer and 
passivates the gold surface from unspecific adsorption of biomoleculars. The relative 
proportion of the two thiolates in the SAM depends on several factors, such as the 
mixing ratio in solution, the alkane chain length, the solubility of the thiol in the 
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solvent used, and the property of the chain terminating group. All these factors can be 




















Figure 3-2 (A) Chemical structures of 1-mercapto-undecanole (top) and 11-mercapto-
(8-biotinamido-4, 7, dioxaoctyl-) undecanoylamide (bottom). (B) Schematic diagram 
of the self-assembly process. A covalent Au-S-bond is spontaneously formed by the 
exposure of the thiol binary solution to the gold disk surface. In the course of the 
reaction, the gold surface are fully occupied by thiol terminated molecules. The alkyl-
chains adopt a parallel orientation with a uniform tilt angle of 30° to the surface 
normal [91]. This highly ordered surface arrangement allows the maximum 
streptavidin binding [90]. 
 
The reasons of using streptavidin as binding species to construct the immobilization 
platform for biomoleculars are as following: 1) streptavidin is able to bind biotin with 
an extraordinary high binding affinity  (Ka=1014-1015 M-1) and an exceptionally slow 
dissociation rate in solution [92]; 2) streptavidin possesses four biotin binding sites 
symmetrically, with one or two left for the following binding of biotinylated probe 
molecules (Figure 3-2 B); 3) the dimension (5.6 nm × 4.2 nm × 4.2 nm as determined 
by X-ray crystallography [93]) and the limited binding sites of streptavidin define a 
certain probe density, which is very important for the target binding; 4) streptavidin is 
1-mercapto-undecanole







slightly negatively charged at physiological pH conditions, which avoids the non-
specific adsorption of DNA molecules via electrostatic interaction. 
 





















Figure 3-3 Assay schemes used in this study. (A) One-step binding. After thrombin 
binding, 2M NaCl can be applied to dissociate the bound protein. (B) Competition or 
displacement assay. In path 1, free aptamer of same sequence as immobilized aptamer 
is applied to compete for the binding site. In path 2, a sequence complementary to the 
immobilized aptamer is applied to displace bound thrombin through hybridization 
with the aptamer. (C) Sandwich assay plus a signaling step. Thrombin binding is 
followed by addition of a second aptamer with biotin label. After rinsing, streptavidin 
is added to verify the binding of the second aptamer through biotin-streptavidin 
recognition.   
 














    In the one-step binding assay (scheme A in Figure 3-3), thrombin protein is applied 
to either TBA15- or TBA29-immobilized surfaces. The bindings involve respective 
recognition exosites (i.e. TBA15 to the fibrinogen-recognition site, TBA29 to the 
heparin-binding site). After each cycle of thrombin binding, 2 M NaCl was applied to 
dissociate the bound thrombin [26], and to expose the immobilized aptamers for new 
cycles of thrombin binding. 
In the competition scheme (path 1, scheme B, Figure 3-3), free aptamer. TBA15-1 
(non-biotinylated) at 1 μM was applied, following the binding of thrombin to TBA15-
1 or TBA15-2 immobilized surfaces. The free TBA15-1 in solution competes with the 
immobilized aptamers for the fibrinogen-recognition exosite on the thrombin. Control 
experiments were done using the non-aptamer sequence CR-1 as a competitor. 
In the displacement scheme (path 2, scheme B, Figure 3-3), cTBA15, a sequence 
fully complementary to the thrombin binding sequence of the immobilized TBA15-1 
and TBA15-2 was tested for its capability to displace thrombin protein due to its 
hybridization to the aptamers. According to the amount of thrombin removed due to 
the competition and displacement effects, one can assess the stability of the 
complexes formed on the surfaces. 
To study the simultaneous binding of two aptamers to thrombin at different binding 
sites, a sandwiched approach was adopted [30,31], followed by an additional signal 
recognition step that involves biotin-streptavidin interaction (scheme C, Figure 3-3). 
Following the binding of thrombin to the immobilized aptamer, e.g. TBA15-1, the 
second aptamer, e.g. TBA29 with a biotin-label is applied. To verify the anchoring of 
the second aptamer to the protein at different exosite, streptavidin (0.1 mg/ml) is 
added in a successive step to recognize the biotin residue of the second aptamer, if it 
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is bound. In control experiments a random DNA sequence (CR-1 or CR-2) or 
aptamers without a biotin label were used as the second sequence.  
 
3.3 Results and Discussion 
 
3.3.1 A DNA spacer in TBA15 enhances thrombin binding capacity 
For an immobilized aptamer, both its ability of folding into intramolecular 
quadruplex structure and its accessibility determine the efficiency of thrombin binding 
[26,85]. The incorporation of hydrocarbon linker molecules in an immobilized 
aptamer to enhance thrombin binding efficiency has been reported previously [26,85]. 
In this study, we have tested if a DNA spacer, whose molecular chain is flexible and 
may self-fold, has a similar impact. Using the one-step binding scheme (scheme A, 
Figure 3-3), the binding of thrombin (10-250nM) to the 15-mer aptamer, with no 
spacer (TBA15-1) and with a 35-mer oligonucleotide spacer at the 5’ end (TBA15-2), 
was measured (Figure 3-4). Control experiments were conducted on scrambled CR-1 
and CR-2 immobilized surfaces. No thrombin binding was detectable under the 
condition used (buffer effects on nonspecific binding will be discussed in the next 
section). Thus, the SPR responses detected in Figure 3-4 are solely attributable to the 
sequence specific binding. At the lower concentrations (10 and 25 nM), thrombin 
binds TBA15-1 and TBA15-2 with similar capacity. The DNA spacer does not serve a 
purpose. When more thrombin binds at higher concentrations (50-250nM), the spacer 
takes the effect. A maximum increase of ~1.7 fold was obtained for the binding to 
TBA15-2 compared to TBA15-1. The magnitude of increase in binding capacity is 
similarly to that induced by more rigid hydrocarbon/hexa(ethylene oxide) linkers 
[26,85]. We believe the 35-mer DNA spacer increases the spatial differentiation 
between the thrombin-binding sequence and the surface, and hence enhances both the 
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ability of the aptamer folding into quadruplex structure and the accessibility of the 























Figure 3-4 A DNA spacer in the immobilized aptamer enhances thrombin binding 
capacity. (A) SPR response to thrombin binding to TBA15-1 (…) and TBA15-2 (⎯) 
modified surfaces. The SPR angel shifts caused by TBA15-1 and TBA15-2 assembly 
from 1 μM DNA solution (curve not shown) are 70 and 251 mDeg, respectively, 
which result in a similar DNA surface coverage (7.4±0.5×1012 molecules/cm2), taking 
into consideration of their molecular weight of 5131.5 Da and 15945.5 Da, 
respectively. The solid ↓ arrows indicate the time when surface is rinsed at the end of 
thrombin binding. The dashed → arrows indicate the regeneration step with 2 M NaCl.  
(B) The amount of thrombin bound to immobilized TBA15-1 and TBA15-2 of similar 
surface coverage. Data extracted from (A). 
 
























































































































For on-chip affinity interactions, e.g. DNA hybridization, the surface density of 
immobilized single-stranded DNA probe determines the efficiency of target DNA 
capture [88,94]. In this study, surface coverage of both TBA15-1 and TBA15-2 were 
adjusted by using different DNA immobilization concentrations. The corresponding 
thrombin binding was measured. The thrombin/aptamer binding ratio, i.e. the number 
of thrombin per aptamer molecule, was calculated and plotted against aptamer surface 









Figure 3-5 Thrombin/aptamer binding ratio, i.e. the number of thrombin molecule per 
DNA aptamer, is affected by aptamer surface density. DNA concentration from 50 
nM-1μM was used to control surface density. Thrombin concentration was fixed at 
500 nM to saturate the immobilized DNA. 
 
With the aptamers’ surface coverage increase (2.4 to 6.6×1012 molecules/cm2 for 
TBA15-1 and 4.3 to 7.9×1012 molecules/cm2 for TBA15-2), the binding ratio decreases 
(0.80 to 0.37 and 0.79 to 0.57, respectively). This phenomenon can be attributed to 
steric effects; the closely packed aptamers prevent the thrombin molecules from 
approaching their binding sites on surface efficiently, and at the same time, closely 
packed aptamers inhibits the folding into secondary structure, being unfavorable for 
thrombin binding. In addition, at a fixed aptamer density, the TBA15-2 always yields a 
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effect observed in the previous section. The trends of the binding ratio curves also 
show that it is possible that thrombin binds immobilized aptamer at a stoichiometry of 
1 when the aptamer surface density is further reduced. 
 
3.3.3 Salt concentration affects specific thrombin-aptamer binding and 
nonspecific thrombin-DNA binding 
To assess salt concentration effects on specific and nonspecific thrombin-DNA 
interactions, thrombin binding to TBA15-1 and TBA15-2, as well as their 
corresponding control oligonucleotides (CR-1 and CR-2, having no aptamer sequence, 
but same chain length), was measured in HEPES binding buffer containing different 
concentrations of KCl (Figure 3-6).  
Two observations were made in these experiments. Firstly, the nonspecific 
thrombin-DNA binding was only detectable at a very low KCl concentration, e.g. 10 
mM. When KCl concentration was higher than 50 mM (this buffer condition was used 
in the previous sections), the nonspecific binding was eliminated. The reduction of 
nonspecific protein-DNA interaction at a higher salt concentration condition (Figure 
3-6d) has been constantly reported, meaning that most sequence-independent protein-
DNA contacts are based on electrostatic interactions [89]. Secondly, the specific 
thrombin-aptamer bindings are also found to be strongly dependent on salt 
concentrations; increasing KCl concentration disturbs the binding significantly. In fact, 
K+ (e.g. 10 mM) is required to stabilize the G-quadruplex formation under room 
temperature (the SPR experiment condition) for thrombin to bind [26,35]. The 
unfavorable effect of higher KCl concentrations observed here could be a validation 
of the involvement of ion-exchange interactions between the negatively charged 
phosphate backbone of the DNA aptamers and thrombin’s anion-binding exosite [16]. 
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Increased salt concentration moderates the electrostatic contacts and reduces protein-














Figure 3-6 Salt concentration effects on thrombin binding amount. Thrombin binding 
to (panels a and b) TBA15-1 and its corresponding control sequence (CR-1). 
Thrombin binding to (panel c) TBA15-2 and its corresponding control sequence (CR-
2). Panel d shows a summary of salt effect on specific and nonspecific thrombin-DNA 
interactions. Different DNA sequences were compared at similar surface coverage. 
Thrombin concentration was fixed at 500 nM. The ↓ arrows indicate the time when 
the surface is rinsed with binding buffer.  
     
KCl has been most commonly used for studying salt concentration effects on 
electrostatic protein-DNA bindings [89]. In this study, KCl was chosen also because 
K+ is the most effective biologically available cation which can stabilize the G-
quadurplex structure, essential for thrombin to bind; due to its ionic radius and 
hydration effects [95]. Moreover, no other electrolytes, e.g. acetate salt and glutamate 
salt were chosen because acetate and glutamate anions’ effects are not electrostatic in 
character [96]. Introducing these anions may complicate the observation of the 





























































































































































































































































































































































































3.3.4 Competition and displacement assay show that thrombin/TBA15-2 complex 
is more stable than thrombin/TBA15-1 complex 
    We, and others as well [26,85], have demonstrated that the incorporation of a 
spacer in aptamer can readily enhance thrombin binding capacity. In this section, the 
relative stability of the aptamer-thrombin complexes, formed with or without a spacer, 










Figure 3-7 Free aptamer competes for binding site with immobilized aptamers. 
Stepwise SPR response to TBA15-1 (…) and TBA15-2 (⎯) immobilization; thrombin 
(500 nM) binding; and application of free aptamer sequence TBA15-1 (1 μM). TBA15-
1 and TBA15-2 immobilized in two channels have similar surface density 
(5.45±0.3×1012 molecules/cm2), calculated from their assembly signals 55 mDeg and 
117 mDeg, with reference to their molecular weight of 5131.5 Da and 15945.5 kDa, 
respectively. The ↓ arrows indicate the time when the surface is rinsed with binding 
buffer.  
 
In the competition assay, a free aptamer having a same sequence as the 
immobilized aptamer was applied to compete for the binding site (path 1 in scheme B, 
Figure 3-3). Figure 3-7 shows the SPR responses to TBA15-1 and TBA15-2 
immobilization in two channels, followed by thrombin binding, and thereafter the 
























































step, the bound proteins were partially dissociated, as indicated by the decrease of 
SPR angle of 60% (in the TBA15-1 channel) and 48% (in the TBA15-2 channel). The 
lower degree of dissociation from the TBA15-2 indicates that the protein-DNA 
complex formed with this flexible TBA15-2 is more stable than that with the rigid 
TBA15-1. Previously, competition assay was used to screen for molecules that inhibit 
thrombin’s function [97]. Molecules that are able to displace thrombin from aptamers 
are likely to form at least partly the same contacts with thrombin as the aptamers. In 











Figure 3-8 Displacement assay. A TBA15-1 immobilized surface is first exposed to 
thrombin (500 nM). At the end of thrombin binding, control DNA (CR-1) and cTBA15 
(a sequence complementary to the TBA15) are added sequentially. The latter displaces 
the bound thrombin due to DNA hybridization. The ↓ arrows indicate the time when 
the surface is rinsed with binding buffer. 
 
 
In another experimental arrangement (path 2 in scheme B, Figure 3-3), a 15-mer 
oligonucleotide (cTBA15) fully complementary to the 15-mer aptamer sequence was 
applied following thrombin binding. Since the cTBA15 has a tendency to hybridize 
with the immobilized aptamers and form a stable duplex, the G-quartet structure 



















































































thrombin partially displaced. SPR curves (Figure 3-8) has validated this speculation. 
The displacement of the bigger thrombin protein (molecular weight 36.7 kDa) by the 
smaller cTBA15 (molecular weight 4.4 kDa) leads to a drop of SPR angle (35%), 
which is furthered upon rinsing. To confirm the function of the complementary 
sequence, the scrambled CR-1 (neither a thrombin aptamer nor a complementary 
DNA) was applied prior to cTBA15. Over a period of incubation and rinsing, SPR 
response remains unchanged, indicating that no protein dissociation occurs.  
The displacement experiment was repeated for the TBA15-2 complex (with a 
spacer in the immobilized aptamer). A smaller degree of SPR angle drop (18%) upon 
hybridization of cTBA15 was obtained. Assuming that the cTBA15’s hybridization 
efficiency to the immobilized aptamer with and without spacer is similar, we can 
conclude from the smaller degree of SPR angle drop of the TBA15-2 complex that this 
complex is more stable than that without a spacer, similarly as we concluded using the 
competition scheme. 
 
3.3.5 TBA15 and TBA29 bind to thrombin at two binding sites simultaneously 
The 29-mer aptamer (TBA29) has been reported to bind to human thrombin at 
heparin-recognition exosite with a higher affinity (Kd = 0.5 nM) than the prototype 
15-mer aptamers [18]. In previous studies [30,35,43], this aptamer and the 15-mer 
aptamer were used to form TBA15/thrombin/TBA29 sandwich complexes on gold 
electrodes for electrochemical and fluorescent detection of thrombin protein. The 
success of those quantification methods is due to the fact that two aptamers bind 
thrombin simultaneously at two exosites. With an interest to observe in real-time how 
a trimeric complex forms, we monitored the binding of thrombin to immobilized 
TBA15-1, followed by addition of TBA29 (scheme C in Figure 3-3). We expected to 
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see a further increase of the SPR signal upon binding of due to the binding of TBA29 
following the thrombin binding. Surprisingly, the SPR angle did not rise, but dropped 
over a long period of incubation (Figure 3-7), which for the first instance suggests the 
dissociation of the thrombin, arising from similar observations on competition and 
displacement assays.  
Since TBA29 is known to have a stronger affinity to the heparin-binding site, and 
previous studies have evidenced the success of using TBA15-thrombin-TBA29 
complex for protein analysis, the possibility that TBA29 binds to our system cannot be 
ruled out. However, the binding of TBA29 to heparin exosite may induce 
conformational change in the thrombin protein and affect the binding properties of the 
FRE exosite [98]. If the immobilized TBA15-1 is not flexible enough to adapt to the 
changes, the bound thrombin could partially dissociate. The combinational effects of 
TBA29 binding at the heparin site (suppose to lead to positive SPR response) and 
thrombin dissociation (negative SPR response) could lead a slight negative response 
(angle decrease) as shown in Figure 3-9. 
In order to verify the presence of the TBA29 after the sandwich treatment (despite of 
the net negative response), SA was introduced to recognize the biotin residue of the 
TBA29. In a ~30 min SA incubation, a steady SPR angle increase was observed 
(Figure 3-9). The average of the SA signals obtained from a number of experiments is 
44.0±11.7mDeg. In the control channel, biotinylated CR-1 (instead of biotinylated 
TBA29) was added after thrombin binding. This sequence resulted in no obvious 
thrombin dissociation and barely detectable SA binding in the successive step. In 
another control experiment, the TBA29 without biotin label was used to bind to the 
TBA15-1-thrombin complex. No SPR response is observed for the successive SA 
application (curve not shown). Based on these control experiments, we confirm that 
 45
the measured SA binding signals are reflective of the successful formation of 










Figure 3-9 Formation of TBA15-thrombin-TBA29 sandwich complex. TBA15-1 is 
previously immobilized in two channels (curve not shown), on to which thrombin 
(500 nM) is applied to bind. At the end of thrombin binding, 1 μM biotinylated-
TBA29 (⎯) or biotinylated random sequence CR-1 (…) is applied. After rinsing, SA 
(0.1 mg/ml) is added. The ↓ arrows indicate the time when the surface is rinsed with 
binding buffer. This is the first time that the SPR spectroscopy is used to observe the 
formation of the sandwich complex. The real-time measurements have revealed the 
dissociation of bound thrombin induced by the binding of the second aptamer. This is 
an interesting characteristic yet reported before, although the sandwiched complexes 
have been used in a few analytical applications [30,31,35].  
 
    In order to verify the formation of sandwiched complex involving two aptamers of 
same sequence (TBA15-thrombin-TBA15) [31], we repeated the above sandwich 
experiments, except that biotinylated TBA15-1 (in stead of TBA29) was applied for 
incubation for 20 min, prior to streptavidin. When the free TBA15-1 is applied, an 
obvious SPR angel decrease (as in Figure 3-7, dashed curve) was observed, showing 
the dissociation of the protein, due to the competition effect of the free aptamer. If the 
free TBA15-1 is somehow anchored by the retained protein through, for example the 
heparin-binding site, we would expect to see detectable SA binding signal in the 














































measured SA signals fluctuated. The average is 13.6±8.7 mDeg, being much smaller 
than that for the TBA15-thrombin-TBA29 complex (44.0±11.7 mDeg), yet a much 
bigger between-experiment deviation (64%). Thus, we suggest that the TBA15-1-
thrombin-TBA15-1 complex is formed with a low efficiency. This is in line with the 
previous reports that the 15-mer aptamer mainly binds to fibrinogen-recognition 
exosite and the binding to the heparin-binding exosite is weak [40]. 
 
3.3.6 Thrombin can complex with immobilized TBA29  
Despite of the strong affinity of the TBA29 aptamer to thrombin in-solution phase 
[18],  there have been no detailed reports of using immobilized TBA29 in analytical 
applications. The reason for that is not clear. In this study, the biotinylated TBA29 was 
immobilized on SPR gold surface and its thrombin binding capability was determined 
by titration the thrombin concentration.  
In Figure 3-10, the amount of thrombin bound at different protein concentrations 
are compared with those obtained with the immobilized 15-mer aptamer of same 
DNA surface coverage. Results show that thrombin binds to TBA29 at a lower binding 
capacity, or a lower apparent affinity. This result conflicts with fact that the TBA29 
has a higher affinity than TBA15 towards thrombin, determined in solution phase [18]. 
We believe the lower apparent affinity of immobilized TBA29 can be attributable to its 
more complicated secondary structure (a G-quaduplex and a four base-pair duplex 
[18]) that requires an extra spatial flexibility to form. The question as for how to 
optimize the immobilization of TBA29 so as to enhance its thrombin binding capacity 
would be the subject of further studies. Adding a spacer to its immobilization end 
could be one of the attempts. It is not clear at present whether the lower apparent 
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affinity of the immobilized TBA29 has been the reason of this aptamer not being used 
























Figure 3-10 Thrombin binds TBA29 with lower capacities compared to TBA15-1. (A) 
SPR response to thrombin binding at different concentrations to immobilized TBA29. 
The ↓ arrows indicate the time when surface is rinsed at the end of thrombin binding. 
The dashed → arrows indicate the regeneration step with 2 M NaCl. (B) The amount 
of thrombin bound to immobilized TBA29 and TBA15-1 of same surface coverage. 
Data for TBA15-1 is extracted from dashed curve in Figure 3-4. 
 
With this simple experiment we have demonstrated that the interfacial binding 
characteristics can be very different from their in-solution behaviors. Additional 
optimizations are needed for aptamer immobilization as the 3-D structure required for 


































































































    We have furthered the understanding of interfacial binding characteristics of 
thrombin to its DNA aptamers through SPR measurements with the assistance of 
various assay schemes. We have evaluated the respective effects of a DNA spacer, 
salt concentration, and aptamer surface density on thrombin binding capacity and 
stability. We have demonstrated different thrombin binding characteristics of 
immobilized apatmers from their in-solution state. The binding of two aptamers to 
thrombin at different binding sites, as well as how second aptamer binding may 
deplete the binding with the first aptamer, have been demonstrated for the first time 
through the real-time SPR measurements. This study, together with a few others, 
provides a more complete view on how to optimize aptamers’ performance. The 















Chapter 4 Development of Colorimetric Assay for 




4.1  Introduction 
 
Although the aptamer-thrombin-aptamer sandwich complexes already had 
successful applications [30,31,35,43,44], the multi-step interfacial binding 
characteristics have not been fully studied. Critical issues worth examining include 
the type of aptamer sequence which can be used as primary sequence in forming the 
sandwich complex; the influence of a spacer in the primary or secondary aptamer on 
the complex formation and detection sensitivity; the optimal incubation procedures to 
ensure a more efficient complex formation on surface, and the efficiency of the 
double 15-mer aptamer-thrombin sandwich complex [26,31] versus the use of two 
different aptamers [30,35,43,44].  
To address these issues, we have developed a 96-well microplate-based 
colorimetric assay for investigating the formation of aptamer-thrombin-aptamer 
sandwich complexes. The primary aptamer was immobilized on the plate using biotin-
SA chemistry (the plate was coated with SA), for thrombin and secondary aptamer to 
bind. After that, streptavidin-horseradish peroxidase (SA-HRP) was used to recognize 
the formed complexes through the biotin label of the secondary aptamer, and to signal 
the complex through catalysis of a color reaction of the 3,3’,5,5’-tetramethylbenzidine 
(TMB) and hydrogen peroxide. The assay procedures (e.g. washing buffers, buffer 
conditions for SA-HRP adsorption, SA-HRP concentration, and incubation strategy) 
are optimized, aiming to reduce background signals. With an optimal sandwich 
complex setting and optimal assay procedures, thrombin concentration was quantified. 
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The limit of detection was compared with that of a mixed ELISA/ELAA assay, in 
which thrombin was sandwiched between an aptamer and an anti-thrombin antibody 
[26].  
To complement the end-point based colorimetric measurements, some of the 
binding events were monitored with real-time surface plasmon resonance (SPR) 
spectroscopy. The SPR results not only validated the colorimetric assays, but also 
provided insights to the amount of binding and the accumulation of multilayered 
biomoleculars on the surface, which would be helpful for the analysis of the 
colorimetric results.   
 




 Purified human α-thrombin, dissolved in water containing 50% glycerol (volume), 
was purchased from Hematologic Technologies Inc.(Vermont, USA). SA-HRP 
conjugate was purchased from Sigma, it was diluted to 2 mg/ml in PBS, pH 7.4. For 
long-term storage, both the thrombin and the SA-HRP were stored in aliquots of 10 
μL at -20 ºC. Before use, they were thawed at room-temperature and returned to 4 ºC 
to maintain the activity. Bovine Serum Albumin (BSA) was purchased from Sigma 
and dissolved in HEPES buffer. HPLC purified DNA aptamers were purchased from 
PROLIGO Sigma-Aldich CO (Singapore). The 15-mer aptamer (5’-GGTTGGTGTG 
GTTGG-3’) and its analogue with a 35-mer DNA spacer (5’-GCCTTAACTGTAGT 
ACTGGTGAAATTGCTGCCATTGGTTGGTGTGGTTGG-3’) are denoted as 
TBA15 and TBA15-S, respectively. The 29-mer aptamer (5’-AGTCCGTGGTAGGGC 
AGGTTGGGGTG ACT-3’) is denoted as TBA29. These aptamers are either naked or 
labeled with a biotin at the 5’ end (bTBA15, bTBA15-S, and bTBA29). HEPES buffer 
 51
(20 mM, pH 7.4) was used as the immobilization and thrombin binding buffer, 
containing 10 mM MgCl2, 0.2% Triton X-100, and 50 mM KCl. TMB 2-components 
peroxidase substrate kit was purchased from BioRad Laboratories. It contains solution 
A (TMB in aqueous DMF) and solution B (hydrogen peroxide solution).  
 
4.2.2 Mechanism of color reaction 
 
Horseradish peroxidases (HRP) is a heme-containing enzyme, which can combine 
with hydrogen peroxide to oxidize a variety of organic and inorganic compounds. The 
following steps of reactions are involved in the oxidation [99]: 
 
         Step 1: HRP  + H2O2 → Compound I + H2O 
         Step 2: Compound I + XOH → Compound II + XO˙ 
         Step 3: Compound II + XOH → HRP + XO˙ + H2O 
 
The first step in the catalytic cycle is the reaction between H2O2 and the Fe(III) 
resting state of the enzyme to generate compound I, which is a higher oxidation state 
intermediate consisting of an Fe(IV) oxoferryl centre and a porphyrin-based cation 
radical. The second step is an one-electron reduction step, with the participation of a 
reducing reagent, it leads to the generation of compound II, which is an Fe(IV) 
oxoferryl species one oxidizing equivalent above the resting state. Both compound I 
and compound II are strong oxidants. The third step is also an one-electron reductive 
reaction, which returns compound II to the resting state of the enzyme [100].  
    TMB is a reducing reagent which can be oxidized during the enzymatic degradation 
of H2O2 by HRP (Figure 4-1). Prior to reaction, the substrate should be a colorless 
solution. When reacts with HRP in microwell applications, the substrate system 
develops a blue product, which can be read at 375 or 655 nm. For end-point assays, 



























Figure 4-1 Schematic presentation of TMB oxidation [101]. 
 
4.2.3 Microwell plate-based colorimetric assay   
 
    Figure 4-2 (a) is a schematic illustration of the colorimetric assay we developed for 
studying sandwich thrombin complexes. Flat-bottom streptavidin coated polystyrene 
96-well plates (Sigma-Aldrich) were used as reaction carrier, onto which biotinylated 
aptamer (primary aptamer) was immobilized to capture thrombin. At the end of 
thrombin binding, another aptamer (secondary aptamer) with a biotin label was 
applied to bind to the opposite binding site if the affinity is adequate and if the 
binding site is accessible. Finally SA-HRP was added for signaling through TMB and 
H2O2 based color reaction. The detailed protocol is as following (experiments were 
conducted in duplicates or triplicates): 
Step1: Add 100 μL of biotinylated primary aptamer (500 nM) in SA wells and 
incubate for 1 hour at room temperature, with the plates agitated at 100 rpm using an 
orbital shaker;  


























Figure 4-2 (a) A schematic illustration of the colorimetric assay. Biotinylated primary 
aptamer is immobilized on SA coated microwell plate for thrombin and secondary 
aptamer to bind in sequential incubation steps. After sandwich binding, SA-HRP is 
added to recognize the complex through the biotin residue of the secondary aptamer 
and to catalyze the color reaction of TMB and H2O2 for colorimetric detection. (b) 
The secondary structure of the 15-mer and 29-mer TBA. 
 
Step 3: Add 100 μL thrombin at room temperature and incubate for 1 hour, with the 
plates agitated;  
Step 4: Wash the wells with 3×300 µL/well of HEPES buffer with 0.05% TWEEN 20; 
Step 5: Add 100 μL of secondary aptamer (500 nM), with or without biotin label, and 
incubate for 1 hour at room temperature, with the plates agitated at 100 rpm using an 
orbital shaker;  
Step 6: Wash the wells with 3×300 µL/well of HEPES buffer with 0.05% TWEEN 20; 










































































Step 7: Add 100 μL of SA-HRP (0.01 μg/ml in HEPES buffer containing 3% BSA) 
and incubate for 1 hour at room temperature, with the plates agitated at 100 rpm using 
an orbital shaker;  
Step 8: Wash the wells with 3×300 µL/well of HEPES buffer with 0.05% TWEEN 20; 
Step 9: Add a mixture of 90 μL of TMB substrate solution A and 10 μL of solution B 
(freshly prepared prior to use) to incubate at room temperature for 15 min, with 
constant orbital shaking at 100 rpm until the solution turns blue;  
Step 10: Add 100 μL/well of 0.5 M H2SO4 to terminate the enzymatic reaction and 
convert the blue oxidation product to its yellow diamine. The absorbance at 450 nm 
was measured using a plate reader (Sunrise, TECAN) in unit of optical density (OD). 
    The OD measured for the aptamer-thrombin-aptamer complexes with the secondary 
aptamer (the step 5 incubation) carries a biotin was considered as sample signal. The 
corresponding OD from control experiments with the secondary aptamer having no 
biotin label was considered as background signal. 
 
4.2.4 SPR measurement 
 
    The SPR measurements were conducted using the AutoLab ESPR (Eco Chemie, 
The Netherlands). A gold-coated glass disk was treated with a binary biotin-
containing thiol mixture for construction of a strepavidin film to mimic the SA coated 
microwell plate [88]. The details of instrument setup and sensor disk preparation have 
been discussed in chapter 3.2. 
 
4.3 Results and Discussion 
 
4.3.1 Construction of colorimetric assays  
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In previous studies, the binding of thrombin in a sandwich fashion between 
immobilized 15-mer aptamer and a free 29-mer aptamer (TBA29) has been confirmed 
[30,35,43,44,102]. In current study, this model binding (bTBA15–thrombin–bTBA29, 
denoted as Complex 1)  was used to construct a microplate based colorimetric assay, 
in which the major focuses were to identify the most appropriate control experiments 
and to optimize the assay conditions in order to minimize the background OD of 
control experiments. 
Figure 4-2a is a schematic illustration of the assay procedures for the model 
Complex 1. The biotinylated 15-mer aptamer (bTBA15) was immobilized as primary 
aptamer. After thrombin binding, the secondary aptamer bTBA29 with a biotin label 
was allowed to bind to previous bound thrombin. SA-HRP was finally added to signal 
the complex formation through specific SA-biotin binding. In this multiple-step 
binding event, an omission of any step will prohibit the complex formation, causing 
no SA-HRP binding through specific recognitions. Alternatively, if the biotin label of 
the secondary aptamer was omitted, although the sandwich complex may form, no 
specific SA-HRP binding should be detectable. In principle, both of these two types 
of arrangement (omission of step(s) and omission of biotin label) could allow us to 
determine the nonspecific SA-HRP adsorption. But which type of arrangement would 
be the most appropriate ‘control’? Figure 4-3 shows the optical density values 
measured for the bTBA15-thrombin-bTBA29 complex formed on SA plate, as well as 
the ‘Controls’ with either the omissions of essential step(s) or biotin label, including 
(a) blank SA plate; (b) SA plate with thrombin applied; (c) SA plate with bTBA15 
immobilized; (d)  SA plate with bTBA15 immobilized and thrombin bound; (e) SA 
plate with bTBA15–thrombin–TBA29 complex formed, but no biotin in the TBA29. 
The background OD was always detectable and the control OD increased from (a) to 
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(e), showing that the multilayer accumulation of DNA and protein molecules all 
contribute to nonspecific SA-HRP adsorption. The last control (e) that has the same 
arrangement with the sample, except for the omission of biotin label of the secondary 
aptamer, leads to the highest background. This characteristic affirms our belief that 
the closest setting is an essential control that can exclude nonspecific SA-HRP 













Figure 4-3 SA-HRP nonspecific adsorption is measurable on various surface 
conditions. (A) Experimental results. (B) OD values of the controls (a) SA plate; (b) 
SA plate with thrombin applied; (c) SA plate with the bTBA15 immobilized; (d)  SA 
plate with bTBA15 immobilized and thrombin bound; (e) SA plate with bTBA15–
thrombin–TBA29 complex formed, but no biotin in the TBA29; and (f) SA plate with 
bTBA15–thrombin–bTBA29 sample. The experiments were conducted in duplicate. 
The difference in OD is about 5%.  
 
In the following experiments, when different Complex arrangements were studied 
(Table 4-1), corresponding control experiments were performed with the biotin label 
in the secondary aptamer omitted. 


























1° TBA–thrombin–2° TBA 
Complex 1 bTBA15–thrombin–bTBA29 
Complex 2 bTBA29–thrombin–bTBA15 
Complex 1s bTBA15-S–thrombin–bTBA29 
Complex 2s bTBA29–thrombin–bTBA15-S 
Complex 3 bTBA15–thrombin–bTBA15 
Complex 3s bTBA15–thrombin–bTBA15-S 
 
Table 4-1 Complex settings. 
 
    
4.3.2 Optimization of assay conditions 
 
    In order to minimize the background OD of control experiments, we have 
optimized the assay from three aspects (addition of TWEEN 20 in washing buffer, 
addition of BSA in SA-HRP binding buffer, and adjustment of SA-HRP 
concentration), using the bTBA15–thrombin–bTBA29 model complex. The OD values 
were measured for both sample (having a biotin label on the secondary aptamer, 
bTBA29) and control (having no biotin label on the secondary aptamer, TBA29). The 
background subtracted OD and/or signal-to-noise (S/N) ratio were used as an 
indicator of the assay performance. 
First of all, adding 0.05% TWEEN 20 into washing buffer resulted in a slight 
improvement in the assay performance (Figure 4-4). The ΔOD increased from 1.15 
(no TWEEN 20) to 1.41 and S/N ratio from 8.1 (no TWEEN 20) to 9.6. In the 
following experiments, TWEEN 20 is always added although the improvement is 
small.  










Figure 4-4 TWEEN 20 in washing buffer can improve the assay performance. OD 
values measured for bTBA15–thrombin–bTBA29 complex and its control (bTBA15–
thrombin–TBA29). The experiments were conducted in triplicate with difference in 
OD is about 5%.  
 
    Secondly, to further reduce background OD, bovine serum albumin (BSA) (1%, 3% 
or 5%) was added into the SA-HRP incubation buffer to block nonspecific SA-HRP 
binding. The measured OD values for sample and control were compared with that 
obtained using incubation buffer without BSA (Figure 4-5). In the presence of BSA, 
both sample OD and control OD were decreased, with the latter at a larger magnitude. 
As a result, the S/N ratio increased from 5.4 (w/o BSA) to 7.9 (with 1% BSA), 9.1 
(with 3% BSA), and 9.4 (with 5% BSA). The background subtracted sample OD 
changed insignificantly from 0.913 (w/o BSA) to 0.924, 0.824, and 0.777, 
respectively. 3% BSA was used in the following experiments because it induced a 
significant increase in S/N but a least sacrifice of ΔOD.  
In order to choose a proper enzyme concentration, which permits a sensitive 
detection with a less reagent consumption, the colorimetric assays were performed 
using SA-HRP concentrations of 0.1, 0.01 and 0.001 μg/ml (Figure 4-6). It can be 
seen, SA-HRP of 0.001 μg/ml is not sufficient to generate a sample OD obviously 



























were used, the sample OD becomes much higher than the control OD, giving S/N 
ratios of 10.3 and 9.8, respectively. We chose 0.01 μg/ml as an optimal SA-HRP 
concentration based on the idea of reducing enzyme consumption with a retainable 
S/N ratio.  
 












Figure 4-5 BSA in SA-HRP binding buffer can block nonspecific SA-HRP 
adsorption and improve assay performance. OD values measured for bTBA15–
thrombin–bTBA29 complex and its control (bTBA15–thrombin–TBA29) with the SA-
HRP incubation buffer containing BSA. The experiments were conducted in triplicate. 










Figure 4-6 SA-HRP concentration affects assay performance. OD measured for 
sample bTBA15–thrombin–bTBA29 complex and its control, using SA-HRP 
concentrations of 0.1, 0.01 and 0.001 μg/ml. The experiments were conducted in 
























































4.3.3 The choice of primary aptamer 
 
  The primary goal of this study is to investigate whether the efficiency of forming 
sandwich complex between TBA15, thrombin, and TBA29 would be affected by the 
choice of aptamer for immobilization on the plate surface. The Complex 1 (bTBA15 as 
primary aptamer for immobilization) and Complex 2 (bTBA29 as primary aptamer for 













Figure 4-7 OD values measured for the Complexes listed in Table 1 and their 
corresponding controls. The results for the Complexes 1 and 2 show the impact of the 
choice of primary aptamer; The results for the Complexes 1 and 1s show spacer 
effects on sandwich formation; The results for the Complexes 2 and 2s show spacer 
effects on detection sensitivity;  The results for the Complexes 3 and 3s verify the 
formation double TBA15 sandwich thrombin complex.  
 
With the bTBA15 as primary aptamer, the sandwich complex is formed with a much 
higher efficiency, as evidenced by the higher ΔOD and S/N ratio, than that with 
bTBA29 as primary aptamer. The depleted formation of sandwich complex through 



































































































































capture thrombin more effectively when compared to immobilized TBA15 at the same 
DNA surface coverage (a surface plasmon resonance spectroscopy result published by 
our lab [102]). Although TBA29 has a higher intrinsic affinity than TBA15 towards 
thrombin in solution, with the duplex region in its secondary structure (a G-
quadruplex and a four base-pair duplex, Figure 4-2b) being responsible for that, when 
it is immobilized on surface, the steric hindrance could prevent the aptamer strands 
from forming the complicated secondary structure effectively. The inability of TBA29 
to form secondary structure on surface in turn depletes its ability to bind thrombin, 
and hence the ability to form sandwich complex.  
To confirm the colorimetric result (i.e. the influence of the choice of primary 
aptamer on sandwich complex efficiency), SPR experiments were conducted to 
monitor the sequential binding of primary aptamer (bTBA15 or bTBA29), thrombin, 












Figure 4-8 SPR response to the formation of sandwich complexes using either 
bTBA15 (solid curves) or bTBA29 (dashed curve) as primary aptamer (1° TBA) for 
immobilization. 250 nM of thrombin is then applied. At the end of thrombin binding, 
500 nM of 2° TBA, i.e. bTBA29 (solid curve) or bTBA15 (dashed curve) is applied. 
Finally, SA(0.1 mg/ml) is added to signal the formation of the sandwich complex. The 






























    Since the binding of the secondary aptamer following thrombin binding cannot be 
evidenced directly by the SPR response, streptavidin was introduced in a successive 
step to signal the presence of the secondary aptamer or the formation of sandwich 
complex [102]. The SA binding signals are used to assess the efficiency of sandwich 
formation with different arrangement. With the bTBA29 as primary aptamer, the SA 
signal following bTBA29–thrombin–bTBA15 (Complex 2) is 20.8 mdeg, being smaller 
than that (44.5 mdeg) on bTBA15–thrombin–bTBA29 Complex 1. The larger SA signal 
obtained with the Complex 1 leads to a same conclusion that bTBA15 is a better choice 
of sequence for immobilization in order more sandwich complex to form on surface, 
which concurs with the colorimetric result.  
The real-time SPR curves in Figure 4-8 also provide useful information about 
molecular binding amount and how the multilayered molecules are accumulated. For 
the bTBA15 and bTBA29 immobilization, the induced SPR angle shifts are 84 and 158 
mdeg, respectively, which correspond to a DNA density of ~ 14 pmol/cm2 (calculated 
using SPR mass sensitivity factor of 120 mdeg per 100 ng/cm2 and their molecular 
mass, i.e. 5.1 kDa for bTBA15 and 9.5 kDa for bTBA29). While the DNA density is 
similar, the amount of thrombin bound on bTBA29 (139 mdeg) is smaller than on 
bTBA15 (215 mdeg). As discussed earlier, the smaller amount of thrombin bound on 
bTBA29 should be responsible for the low efficiency of sandwich complex.     
 
4.3.4 Spacer effects on sandwich complex efficiency  
 
According to previous studies [26,85,102], adding a spacer to the capture (primary) 
aptamer can enhance thrombin binding capacity. This is mainly because the spacer 
increases the spatial differentiation between the thrombin binding sequence and the 
surface, and hence enhances the ability of the aptamer to fold into quadruplex 
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structures, essential for thrombin to bind. In this study the setting of the Complex 1 is 
modified by adding a DNA spacer into the primary aptamer (bTBA15-S). The resulting 
Complex 1s (bTBA15-S–thrombin–bTBA29) and its corresponding control were 
assayed. At first we expected to see a higher efficiency of forming Complex 1s (a 
higher ΔOD) than that with immobilized bTBA15 without a spacer (Complex 1). This 
is because the immobilized bTBA15-S had been known to permit a ~2 fold higher 
thrombin binding capacity [102]. However, the colorimetric results showed the 
otherwise (Figure 4-7). The corresponding SPR experiments confirm this 
characteristic. The average of the SA reporter signal obtained for the Complex 1s 
(with a spacer) is 8.7±1.8 mdeg, being much smaller than that of Complex 1 
(44.0±11.7 mdeg) without a spacer .   
    Why is it that a larger amount of surface-bound thrombin did not lead to an 
increased binding of the secondary aptamer? It is understandable that the successful 
binding of aptamers on bound thrombin molecules would largely rely on the 
accessibility of the binding sites. The presence of the 35-mer flexible DNA chain of 
the bTBA15-S enhances the thrombin binding amount on one hand, but may fold the 
bound thrombin inside the DNA film on the other hand. The latter could make the 
additional binding site less accessible. In addition, the ~2 fold more closely packed 
thrombin on TBA15-S may overlap with each other, which further reduces the 
accessibility of the additional binding site. If these speculations are true, a modified 
incubation strategy that avoids steric effects should be beneficial for sandwich 
complex formation on substrate. To circumvent this problem, we had the secondary 
aptamer (i.e. TBA29 in this case) pre-incubated with thrombin in solution prior to 
applying to bTBA15 or bTBA15-S bound surfaces. With this arrangement, thrombin–
bTBA29 complex would be formed efficiently in solution before it binds to TBA15 
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surface. With this modified incubation strategy, increased ΔOD was observed for 
Complex 1 (13.5%) and Complex 1s (39.8%), indicating the improved sandwich 
formation. Thus, the steric effects in the stepwise incubation are confirmed.  
 
4.3.5 Spacer effects on detection sensitivity   
 
Since SA-HRP binding to the biotin residue of the secondary aptamer is the 
signaling step in the colorimetric assay, the accessibility of the biotin residue may 
determine the detection sensitivity. To investigate this issue, we conducted 
colorimetric assays for bTBA29–thrombin–bTBA15-S (Complex 2s, Figure 4-7), of 
which the secondary aptamer TBA15-S carries a DNA spacer. We expected that the 
spacer in the secondary aptamer may lift the biotin residue further away from the 
surface and hence introduce a better accessibility for SA-HRP. Indeed, a relatively 
larger ΔOD value (0.336) and a larger S/N ratio (1.6) was observed for the Complex 
2s, compared to its analogue Complex 2 (ΔOD=0.174, S/N=1.3), which confirms the 
function of the flexible tail in sensitivity improvement.  
 
4.3.6 TBA15–thrombin–TBA15 complex is formed at a lower efficiency 
 
    TBA15 is known to have a strong affinity mainly towards the fibrinogen recognition 
site of thrombin. When TBA15 binds to thrombin, it forms a chair-like structure with 
two G-quartets connected by two TT loops spanning the narrow grooves at one end 
and a single TGT loop spanning the wide groove at the other end (Figure 4-2b) [103]. 
The crystal structure of the TBA15–thrombin complex indicates that the TBA15 is 
sandwiched between two symmetrically related thrombin molecules, with both the TT 
and TGT loops involved in thrombin binding [53]. Further more, optimally oriented 
NMR model has shown that the two TT loops are close to the fibrinogen recognition 
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site of one thrombin molecule and the TGT loop close to the heparin binding site of 
another thrombin molecule [104]. Contrary to this, site-directed mutagenesis studies 
failed to evidence the inhibitory effect of TBA15 at the heparin site, which could mean 
either TBA15 does not bind to the heparin site or the binding is noninhibitory [40]. In 
a biosensor study, the sandwich binding of thrombin with two 15-mer TBA 
containing spacers is successfully used for thrombin quantification [31]. 
  Baring the above discrepancies in mind, we tested whether the TBA15 can bind 
thrombin at two different exosites and to form TBA15–thrombin–TBA15 complex on 
solid substrates (Complexes 3 and 3s). For the Complex 3 and its control, the sample 
OD is 0.104±0.019 (average of 9 triplicate wells from three experiments), being 
slightly, but firmly, larger than the background OD of 0.084±0.017 (two tails P value 
is 0.001). This can be a proof of TBA15–thrombin–TBA15 formation. But the 
efficiency is very low (ΔOD=0.020, S/N = 1.2) when compared to other complexes 
formed with TBA15 and TBA29 (Figure 4-7). To further confirm the double TBA15 
sandwich complex, a 35-mer spacer is added to the secondary TBA15 to enhance the 
detection sensitivity (Complex 3s). A relatively larger ΔOD (0.214) and S/N ratio (3.2) 
were observed. With the increased detection sensitivity the double TBA15 sandwich 
complex is further confirmed.  
  In a previous study, Baldrich et al. developed an enzyme linked aptamer assay 
(ELAA) to test the formation of double TBA15 sandwich thrombin complex [26]. 
Following thrombin binding to immobilized TBA15, a HRP-conjugated TBA15 was 
introduced to bind at the heparin exosite. They obtained a very low efficiency in 
forming the TBA15–thrombin–TBA15-HRP conjugate complex. It was not clear 
whether the low efficiency was due to a hamper effect of the HPR conjugate that 
prevented the second aptamer from folding and binding to thrombin, or due to 
 66
TBA15’s low intrinsic affinity to the heparin exosite. In our system, the use of biotin-
labeled bTBA15 or bTBA15-S as secondary aptamer and thereafter SA-HRP as 
signaling molecules, makes the hamper effect no longer a concern (biotin is a small 
residue). With our approaches, we affirmed that the TBA15–thrombin–TBA15 complex 
is formed on surface, but with a very low efficiency that should be attributable to the 
low intrinsic affinity of TBA15 to the heparin exosite. This conclusion is also validated 
with SPR experiments. Using SA as reporter, the average of measured SA signals is 
13.6±8.7 mdeg, being much smaller than that for the bTBA15–thrombin–bTBA29 
complex (44.0±11.7 mdeg), yet a much bigger between-experiment deviation (64%). 
 
4.3.7 Thrombin quantification using sandwich colorimetric assay  
 
    The final goal of this study is to quantify thrombin using the sandwiched complex 
based colorimetric assay. Among all the tested settings or complexes, the Complex 1 
(bTBA15–thrombin–bTBA29) is most effective in sandwiching thrombin and generates 
the highest OD values and S/N ratio. For this reason, this complex setting was used 
for thrombin quantification. Furthermore, pre-incubation of thrombin and bTBA29 
was performed prior to application to bTBA15 immobilized wells, which not only 
shortens the interfacial incubation procedures but more importantly improves the 
sandwich efficiency as discussed earlier. With all these optimal elements, the 
colorimetric assay was performed for a range of thrombin concentrations (0.1 nM-250 
nM). A linear range of 0.1-5 nM is obtained with a calibration equation of ΔOD = 
0.0585C - 0.0043 (C is thrombin concentration in units of nM), r2 = 0.94. The 
detection limit is 0.6 nM, estimated from statistical analysis using the noise of OD 
measurement of 0.01 (S/N = 3). This detection limit is similar to that of the SPR assay 
of thrombin binding to bTBA15 immobilized surface (0.7 nM) [102] and is 
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comparable with that of the electrochemical assay of TBA15–thrombin–TBA29 
complex  [30,35] and that of the mixed ELISA/ELAA assay, in which thrombin was 




    We have developed a colorimetric assay for investigating the formation of aptamer-
thrombin-aptamer sandwich complexes on solid substrates. Given the availability of a 
few aptamer sequences that have substantial affinity to thrombin at different exosites, 
the choice of a primary aptamer for immobilization on surface determines the 
efficiency of sandwich complex formation. Adding a DNA spacer in the secondary 
aptamer can enhance the detection sensitivity. But adding a spacer in the primary 
aptamer may not necessarily enhance the sandwich complex formation, without 
optimization of incubation processes, although it can enhance thrombin binding at 
first step. The incubation strategy needs to be optimized in order a effective sandwich 
complex formation on surface. The 15-mer aptamer (5’-GGTTGGTGTGGTTGG-3’), 
whose affinity is mainly at the FRE binding site, is confirmed to bind simultaneously 
at the two binding sites of thrombin to form sandwich complex, albeit with low 
efficiency. Using an optimal setting, thrombin quantification at nanomolar level is 
achieved. We believe the binding characteristics obtained in this study would be 







Chapter 5 Quartz Crystal Microbalance Study of 





    Quartz crystal microbalance equipped with dissipation monitoring (QCM-D) 
system has proven to be a useful tool for studying interfacial processes like antibody-
antigen binding, DNA-protein interaction, DNA hybridization, and cell adhesion etc 
[71,83,105,106]. The combinational analysis of oscillation frequency (f) and energy 
dissipation (D) allows one to assess the viscoelastic behavior of the adsorbed 
biomolecular films, which is related to the structure or conformation of the adsorbed 
biomoleculars and the water content in the films [70,71,80,105].  
For DNA assembly, DNA hybridization, and DNA-protein interactions, the 
viscoelasticity related parameters obtained from QCM-D, such as the ΔD/Δf ratio 
(energy dissipation induced by per unit of coupled mass), are related to the binding 
strength and the conformation of the bound materials. With combinational QCM-D 
and SPR analysis, one can  assess film thickness and the amount of coupled water, 
which are useful parameters to investigate the biophysical properties of the 
biomolecular films formed on substrates. With these parameters one can assess more 
detailed information of the biomolecular systems, which cannot be obtained from a 
single measured quantity (e.g. refractive index in optical method or frequency in 
conventional QCM setup). With the combinational QCM-D and SPR analysis, new 
information can be obtained, including surface coverage dependent softness of DNA 
films [71,107], DNA conformational change upon hybridization [71], distinct 
property of specific and nonspecific DNA-protein interactions [106] and etc. 
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In this work, we explore the use of QCM-D technique as a new alternative to study 
conformational change of a single-stranded nucleic acid with a guanine-rich sequence, 
particularly the 15-mer G-quadruplex DNA, which is also a thrombin binding aptamer, 
under conditions favorable or unfavorable to G-quadruplex formation. From the 
ΔD/Δf ratio, the unique folding behavior of G-quadruplex DNA on surface with its 
corresponding scramble sequence can be deduced. Since the QCM-D technique is not 
able to provide direct quantification of the amount of immobilized DNA and protein 
[70,71], Surface Plasmon Resonance (SPR) spectroscopy was used as a 
complementary technique to quantify the optical mass of biomoleculars independently. 
By modeling the combined QCM-D and SPR data, the biophysical parameters of the 
aptamer film before and after thrombin protein binding are investigated; these 
parameters further affirm the formation of G-quadruplex and enable us to investigate: 
a) the kinetics of thrombin-apatamer binding on solid substrate; b) the viscoelasticity 
behavior of thrombin-aptamer complex; c) the distinct sandwich binding behavior 
between thrombin and aptamers. In addition, the different binding characteristics 
detected by QCM-D and SPR due to different sensing modes were compared and 
discussed as well. These findings would be invaluable for the study of DNA 
secondary structure and also the DNA-protein interaction on surface, which will in 
turn be useful in the development of DNA aptamer-based biosensors.  
 




   Purified human α-thrombin was purchased from Haematologic Technologies Inc. 
(Vermont, USA) and stocked in water containing 50% glycerol (volume). Streptavidin 
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was purchased from Sigma. For long-term storage, the proteins were stored in aliquots 
of 10 μL at -20 ºC. Before use, they were thawed at room-temperature and returned to 
4 ºC to maintain the activity. DNA sequences were purchased from PROLIGO Sigma-
Aldich CO (Singapore). The 15-mer aptamer (5’-biontin-GGTTGGTGTGGTTGG-3’) 
and a scrambled control sequence (5’-biotin-GGTGGTGGTTGTGGT-3’) are denoted 
as G-15 and S-15, respectively. The 29-mer aptamer (5’-biotin-AGTCCGTGGTAGG 
GCAGGTTGGGGTGACT-3’) is denoted as G-29. All buffer used in this study are 
listed in Table 5-1.  
 
Buffer 1 20mM HEPES 
Buffer 2 20mM HEPES with 25mM KCl 
Buffer 3 20mM HEPES with 50mM KCl 
Buffer 4 20mM HEPES with 50mM KCl, 10mM MgCl2, 0.2% Triton X-100 
 
Table 5-1 Buffer used in this study. 
 
5.2.2 Sensor disk preparation 
 
    The preparation procedures of SPR and QCM-D gold disks for DNA assembly are 
documented in chapter 3.2.3. The details of underlying principles and mechanisms 
have also been introduced in chapter 3.2.3. 
 
5.2.3 DNA immobilization and thrombin binding assay procedures 
 
In the study of G-quadruplex folding, G-15 or S-15 at 500nM was immobilized to 
SA modified disk surfaces in buffer 1, i.e. 20mM HEPES containing no additional 
salts, respectively. In the study involved thrombin-aptamer binding, G-15 was 
immobilized to SA modified disk surface in buffer 4, i.e. 20 mM HEPES containing 
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necessary cations and surfactant essential for the aptamer to fold into secondary 
structure for the thrombin protein to bind.  
5.2.4 QCM-D and SPR measurement 
 
    QCM-D measurements were performed by using the Q-Sense D300 system (Q-
Sense AB, Göteborg, Sweden), which consists of four parts (Figure 5-1): polished 
AT-cut sensor crystals with fundamental frequency of 5 MHz (enlarge pictures refer 
to Figure 2-5), measurement chambers, electronics unit and PC software for data 
acquisition and analysis.  
 
Figure 5-1 The Q-Sense D300 system overview [75]. Reprinted with the permission 
of Q-Sense AB. 
 
    Using QCM-D technique, the frequency change (∆f) and energy dissipation change 
(∆D) can be simultaneously recorded by periodically switching off the driving power 
over the crystal and recording the decay of the damped oscillation. The details of  
underlying principles of measurement have been described in chapter 2.2. This QCM-
D setup allows for subsequent measurements of up to four harmonics (fundamental 
frequency and 15, 25, and 35 MHz, corresponding to the overtones n = 3, 5, and 7, 
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respectively) of the 5 MHz crystal. The normalized frequency shift (Δfnormalized=Δf5/5) 
and dissipation shift for the fifth overtone are presented in this study. The mass 
sensitivity of this system is about 5 ng/cm2 for a clean 5 MHz sensor crystal operated 
in water at 25.00 °C ± 0.01 °C. The system was controlled by using the software 
QSoft 301 (Q-Sense AB, Göteborg, Sweden). 
    Measurements were performed in batch/exchange mode by using a Axial Flow 
Chamber (Figure 5-2). The quartz crystal is mounted horizontally inside the chamber 
with the inlet approaching the inner volume of the crystal cell from the top sample 
reservoir, which is perpendicular to the surface [75]. The liquid inside can be 
exchanged via gravitational flow, which is controlled by the valve. When filling the 
chamber for the first time, one should take care that no air bubbles should be 
entrapped in the measurement chamber, otherwise the following measurement will be 
disturbed dramatically. The minimum injection volume was optimized to 500 μl in 
our experiment. During data acquisition the temperature controller is activated to 
stabilize the temperature with an accuracy of ±0.05 °C.  
 
 
Figure 5-2 Setup for a batch/exchange mode measurement [75]. Reprinted with the 
permission of Q-Sense AB. 
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The SPR measurements were conducted by using the AutoLab ESPR (Eco Chemie, 
The Netherlands) instrument. Details of SPR setup can refer to chapter 3.2. 
5.2.5 Data modeling of aptamer film and aptamer-thrombin complex film 
 
All QCM-D data was modeled using the QTools 2 software (Q-Sense AB, 
Göteborg, Sweden), which is based on a Voigt-type viscoelastic model [69]. The 
theory of this model has been presented in chapter 2.2.4. Usually two overtones were 
used for the modeling and the third was used to verify the robustness of the results. 
The amount of water trapped in the film could be calculated from:  
                                water QCM SPRm m mΔ = Δ −Δ                                         Equation 5-1                    
    With the water amount and the respective mass of DNA and protein, the effective 
density of the film (DNA or DNA-protein complex) was calculated using: 
QCM
film,effective
DNA,SPR DNA protein,SPR protein water water
m
m m m
ρ ρ ρ ρ
Δ= Δ + Δ + Δ   Equation 5-2  
 
where ΔmDNA,SPR and Δmprotein,SPR are the respective mass increases measured by SPR 
after DNA aptamer immobilization and thrombin binding; ρDNA, ρprotein and ρwater are 
the densities of DNA, protein and water respectively. Using ρfilm, effective as input for 
iterated modeling, the proper acoustic thickness of the film could be obtained [70,71].  
 
5.3 Results and Discussion 
 
5.3.1 Salt concentration effects on DNA conformation 
 
    Previous studies proved that QCM-D technique is sensitive to the biomolecular 
film coverage and conformation [70,71,105]. A larger dissipation change or a larger 
ΔD/Δf ratio is commonly associated with an extended, flexible biomolecular structure 
with high water content or loose bindings between interacting biomoleculars. Because 
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a water rich or a loosely attached film tends to deform more easily during the shear 
oscillation and in turn dissipate more mechanical energy. In this case, we assume that 
the QCM-D technique can also be used to investigate the DNA secondary structure 
formation, like the G-quadruplex folding, whose ability of trapping water may be 



















Figure 5-3 Salt effect on immobilized DNA conformation change. (A) Scramble-15; 
(B) G-quadruplex-15. Point 1 to 3: run baseline in different buffer by switching from 
buffer 1 to buffer 2 (point 1), buffer 2 to buffer 3 (point 2). After switching back to 
buffer 1 (point 3), immobilize DNA in buffer 1. Then switch from buffer 1 to buffer 2 
(point 1'), buffer 2 to buffer 3 (point 2') again.  

































































For guanine rich DNA sequences, the presence of K+ in solution is known to 
promote and stabilize the G-quadruplex formation. In this section, QCM-D was used 
to determine the viscoelastic property of assembled G-quadruplex DNA film in 
response to different KCl concentrations. Specifically, the QCM-D oscillation was 
first calibrated in three HEPES buffers with different KCl concentrations, in order to 
gain the oscillatory behavior (f and D) of SA treated QCM disks in the three different 
buffer solutions. After that, G-15 or S-15 was immobilized on the surface, following 
the recalibration of the QCM disks that carry DNA in the three buffer solutions 
(Figure 5-3). Δf and ΔD of G-15 and S-15 in different buffer solutions were calculated 
by using the f and D responses measured before and after DNA assembly in each 
buffer, and listed in Table 5-2. With this experimental arrangement (comparing to 
conduct the DNA assembly in three independent experiments with different buffers), 
the DNA surface coverage is fixed. Thus the f and D response measured in different 
buffer conditions can be attributed solely to DNA conformation properties but not 
varied DNA coverage (it is possible that different buffer will result in different 
assembly DNA amount). 
Before we discuss the results in Table 5-2, it is worthwhile to mention the known 
characteristics of DNA from pervious QCM-D studies [71,107]. For a single-strand 
DNA (ssDNA) film of higher surface coverage for example, the measured ΔD/Δf ratio 
is relatively larger than the film of low DNA surface coverage [71,107]. This is 
because the DNA molecular film consists of more water. In order to drag the larger 
amount of water in and out the DNA film, a larger amount of energy will be 
consumed during the shear oscillation of the QCM disk. For DNA of different 
structures, e.g. a ssDNA and its duplex form (dsDNA), usually the collapsed and 
coiled ssDNA film has a smaller ΔD/Δf ratio because the closely attached ssDNA can 
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follow the oscillation more easily, compared to the double helixes, which tend to 
stretch out to make the film thicker (trap more water inside) and the following of the 
oscillation difficult [71,107]. 
 
Buffer ΔD (10-6) Δf (Hz) ΔD/Δf (10-9/Hz) 
1 (w/o KCl) 0.853 7.015 121.6 
2 (25 mM KCl) 0.729 6.616 110.2 
3 (50 mM KCl) 0.692 6.730 102.8 
(A) 
Buffer ΔD (10-6) Δf (Hz) ΔD/Δf (10-9/Hz) 
1 (w/o KCl) 0.724 5.593 129.4 
2 (25 mM KCl) 0.456 5.341 83.8 
3 (50 mM KCl) 0.401 4.925 81.4 
(B) 
Table 5-2 Summary of ΔD and Δf in different buffer conditions. Data of (A) and (B) 
are extracted from Figure 5-3 (A) and  (B)  respectively. 
 
    From Table 5-2, it can be observed that under the buffer condition that is 
unfavorable for G-quadruplex formation (buffer 1, no KCl), G-15 and S-15 have 
similar ΔD/Δf values (121.6 and 129.4×10-9/Hz), which means similar energy 
dissipation behavior, in turn a similar conformation. When the salt concentration of 
buffer is increased to 25 and 50 mM KCl, the ΔD/Δf ratio of the random sequence S-
15 decreases by 9.4% and 15.5%, respectively, showing that the overall rigidity of the 
film is increased due to the salt effect. It is known that the negative charges of DNA 
backbone can be neutralized by the cations (e.g. K+) in buffer. As a result, the 
repulsions within and between DNA sequences are reduced, leading to the collapse of 
DNA strands to the surface. This could explain the decrease of ΔD/Δf ratio or the 
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increase of film rigidity. The detailed process can be described in sequence as: First, 
the collapsed DNA strands become closer to the QCM disk surface, making them 
easier to follow the oscillation. Secondly, the collapsed DNA film tends to entrap less 
amount of water. Both the effects (closer to surface and less water tapped) can lead to 
less energy dissipation, i.e. a smaller ΔD/Δf ratio. Compared with the response of S-
15, when KCl salt was dosed in the buffer, the ΔD/Δf value of G-15 decreased more 
obviously by ~ 30%. The greater degree of ΔD/Δf  ratio decrease or rigidity increase 
from buffer without KCl to buffer with KCl can be a signature of forming 
intramolecular G-quadruplex, which makes the DNA film more densely packed on the 
surface with less space for water entrapment.  To the best of our knowledge, this is the 
first attempt to use QCM-D viscoelastic parameter to investigate the G-quadruplex 
formation under different buffer conditions.     
 
5.3.2 Modeling SPR and QCM-D data of G-quadruplex formation and 
thrombin-aptamer binding 
In this section, by using a combinational SPR and QCM data analysis, we further 
investigate the properties of the G-quadruplex DNA (G-15) film, which is also a 
thrombin binding aptamer, as well as the thrombin bound aptamer films. In the 
modeling of G-quadruplex folding, G-15 or S-15 at 500 nM was immobilized to SA 
modified SPR or QCM-D chip surfaces in buffer 4 (a favorable buffer condition for 
G-quadruplex folding). In the model which involved thrombin-aptamer binding, 
typically G-15 aptamer was immobilized to SA modified SPR or QCM-D chip 
surfaces in buffer 4 first, then 250 nM thrombin was applied to the aptamer assembled 
surface. The mass of the adsorbed biomoleculars determined by the SPR angle shift 
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(ΔmSPR) and the total mass of biomolecules and the trapped water in the biomolecular 
film obtained from QCM-D (ΔmVoigt) are listed in Table 5-3 and 5-4. 
The film thickness, effective film density and water content of G-15 and S-15 DNA 
films could be determined to give a quantitative estimation of the conformational 
differences (Table 5-3). It is found that the effective thickness of the G-15 DNA film 
is smaller than that of the S-15, which could be an evidence of the G-quadruplex 
structure formation of G-15. According to the modeled data in Table 5-3, the folded 
structure of G-15 has a shorter length (0.98 nm) than that of the randomly coiled 
single strand sequence S-15 (1.24 nm), which is consistent with the theoretical 
calculation of DNA persistence lengths in previous reports [108,109]. In the earlier 
section, we have attributed the lower ΔD/Δf ratio of G-15 to the G-quadruplex 
formation. The modeling results here again affirm the formation of intramolecular G-
quadruplex structure of G-15 DNA by showing a smaller film thickness, higher 
effective film density and lower water content. In comparison, the S-15 film has a 
lower film density due to more water content and a larger film thickness, which are 















G-15 40 116 1167 65 0.98 
S-15 40 147 1133 71 1.24 
 
Table 5-3 Analysis of the immobilized G-15 and S-15 DNA film in buffer 4 using a 
Voigt-based viscoelastic model. 
 
Since the G-15 DNA sequence is a thrombin binding aptamer, which possesses a 
high specificity and affinity to human α-thrombin, thrombin binding to G-15 
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immobilized surface was monitored. Using Voigt-based viscoelastic model, the 
biophysical properties of the G-15 aptamer film and the subsequent thrombin-aptamer 
complex film are analyzed. Modeled data are listed in Table 5-4, from which it can be 
observed that after thrombin binding the water content of the aptamer film decreased 
largely, from 65% to 28%, at the same time the effective film density increases from 
1167 to 1422 ng/cm2, which together evidence the displacement of water when 
thrombin binds to aptamer. The decreased ΔD/Δf ratio from aptamer film to thrombin-
aptamer complex film shows less energy dissipated in the latter, i.e. the thrombin-
aptamer complex film is more rigid, which also indicates less water trapped in the 










aptamer (G-15) 0.138 1167 65 
thrombin-aptamer 
complex 
0.046 1422 28 
 
Table 5-4 Analysis of the aptamer (G-15) and thrombin-aptamer complex in buffer 4 
using a Voigt-based viscoelastic model. 
 
5.3.3 Different binding behaviors and kinetics detected by QCM-D and SPR 
 
    In Figure 5-4 (A), it can be observed that D keeps on dropping during the time of 
thrombin incubation, which indicates that the overall biomolecular film gained 
rigidity upon thrombin binding. This observation also affirms the previous conclusion 
from end point ΔD/Δf ratio decrease. It could be attributed to the formation of a well 
structured complex between the DNA aptamer and thrombin, which displaces the 




















Figure 5-4 (A) QCM-D measurements of the binding and displacement reactions 
outline. Point 1: Immobilization of G-15. Point 2: Binding of thrombin. Point 3: 
Displacement by adding secondary aptamer. The dashed ↑ arrows indicate the time 
when surface is rinsed with buffer. (B) ΔD versus (-Δf) plots for the binding of 
thrombin to the G-15 aptamer immobilized surface. 
 
    In the ΔD-Δf plot (Figure 5-4 (B)), time is eliminated as an explicit parameter. 
During the course of thrombin binding, D keeps on dropping even after f becomes 
stable. It could be ascribed to the unique binding behavior detected by QCM-D, which 
is not only sensitive to the mass change, but also to the energy loss of the oscillatory 



























































still could be a dynamic mass exchange between thrombin protein and water inside 
the film. In other words, the binding of thrombin (mass increase) to immobilized 
aptamer expels the water previously trapped inside the aptamer film (mass decrease). 
This exchanging procedure may result in net mass change equals to zero, which is 
corresponding to the stable stage of thrombin incubation step observed in SPR 
experiments. But at the same time, it also could make the DNA film become more and 
more rigid as indicated by the constant decrease of the dissipation factor, which could 










Figure 5-5 Kinetic plots of thrombin binding. Δmass of QCM-D is calculated 
according to the Sauerbrey equation (Equation 2-22), Δmass of SPR is calculated 
according to the mass sensitivity factor of 120 mDeg per 100 ng/cm2. The saturated 
mass is set as 100% for both cases. 
 
    In order to compare the kinetics of thrombin-aptamer binding monitored by SPR 
and QCM-D, we normalize the binding signals measured from both instruments up to 
20 min incubation (Figure 5-5). For the interfacial thrombin binding on DNA aptamer 
of same surface coverage, and from a similar standstill liquid setup in both SPR and 
QCM systems, QCM kinetics appears to be faster than SPR kinetics. The different 



































techniques. SPR is more straightforwardly reflective of mass loading on surface over 
time, which corresponds to the continuous changes in refractive index of the interface; 
whereas, QCM-D measures mechanically coupled masses, including DNA, protein 
and water coupled. Thus, the thrombin association on QCM-D chip appears to reach 
equilibrium faster. With the SPR kinetics as reference, we believe QCM-D failed to 
reflect the real thrombin binding kinetics. The change in the amount of trapped water 
complicates the QCM-D mass loading characteristics. Although the protein may 
continuously binds to the DNA (as SPR curve shows), the mass increase may be 
compensated by the lost of water, making the overall mass remains unchanged.  
 
5.3.4 QCM-D monitored aptamer-thrombin-aptamer sandwich complex 
formation 
In association with the question as for what aptamer sequences are effectively 
involved in sandwich thrombin complex, thrombin binding to aptamer G-15 on the 
QCM-D chip surface is followed by addition of different secondary aptamers, G-15 or 
G-29. In Figure 5-6 (A), the assembly of primary G-15 on surface and the binding of 
thrombin on the immobilized G-15 show stepwise frequency drops, indicating the 
adsorption of molecules on QCM-D surface. The subsequent addition of secondary G-
15 shows a direct frequency increase, indicating a mass decrease on the chip surface, 
which could be attributed to the dissociation of bound thrombin. This characteristic is 
consist with previous SPR result [102], in which secondary G-15 addition resulted in 
mass decrease detectable as SPR angle decrease. On the contrary, when the G-29 is 
used as the secondary aptamer, in Figure 5-6 (B), the frequency decreases during the 
binding, but increases slightly after rinse. At the end point, Δf is negative, which 
means the final mass loading on the chip surface is increased. From the previous 
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study [102], we know that the mass change of this sandwich system is a 
combinational result, including the dissociation of thrombin and the binding of the G-
















Figure 5-6 f versus time at n=5 for the QCM-D data on aptamers-thrombin-aptamer 
sandwich complex formation. G-15 is first immobilized on the QCM-D chip, on to 
which thrombin (500 nM) is applied to bind. At the end of thrombin binding, 500 nM 
G-15 (A) or G-29 (B) is applied. After rinsing, SA (0.1 mg/ml) is added. The dashed 
arrows indicate the time when the surface is rinsed with binding buffer. 
 
According to the QCM-D result, at the first stage, the binding of G-29 and its 
coupling water dominates the mass change, which leads to a mass increase and 
frequency decrease. Since the G-29 also has the displacement effect, after rinse it may 












































KDa) compared to G-29 DNA (9.5 KDa) itself, as a result, the loading mass will 
decrease and the corresponding frequency will increase. This observation is unique in 
QCM-D, since SPR curve only showed a direct signal drop when adding the 
secondary aptamer [102]. Again this should be ascribed to the different sensing modes 
of the two techniques. Since SPR is only sensitive to the ‘dry mass’ on the surface, it 
could not detect the water coupled to the secondary aptamer. As a result, the 
dissociation of the large thrombin molecular dominated the combinational effect and 
led a negative response (angle decrease). While the frequency change of QCM-D 
includes the effect of water coupled to the secondary aptamer, which could lead to a 
mass increase when the mass of thrombin dissociated is smaller than that of adsorbed 
secondary aptamer plus the coupled water. 
In order to verify the presence of the secondary aptamer after the sandwich complex 
formation in both of the two cases, SA was introduced to recognize the biotin residue 
of the secondary aptamer. After a ~20 min SA incubation, Figure 5-6 (A) only shows 
a small f decrease, which may indicate a sandwich forming with low efficiency, while 
Figure 5-6 (B) shows a large f decrease, which indicates an obvious SA binding, i.e. a 
more efficient aptamer-thrombin-aptamer sandwich formation. This observation 




By using QCM-D technique, we have determined the folding of G-quadruplex 
DNA on surface, with the scrambled DNA sequence as a reference. The biophysical 
parameters of DNA film, such as effective film density, film thickness and also 
percentage of the water content, have been modeled. These parameters are well 
reflective of the formation of G-quadruplex. Moreover, as a thrombin aptamer, the 
 85
binding kinetics of G-15 to thrombin and formation of aptamer-thrombin-aptamer 
sandwich complex have also been investigated by using QCM-D, which are found to 
be distinguished from the SPR results due to the different sensing modes. Furthermore, 
the biophysical parameters of the aptamer film before and after thrombin protein 
binding have also been documented, which provide new information about the 
binding event. These findings would be invaluable for studying formation of DNA 
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